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Abstract

A simple linear-regression algorithm is used to de~
termine simultaneously magnetometer biases, misalign-
ments, and scale factor corrections, as well as the
dependence of the measured magnetic field on magnetic
control systems. This algorithm has been applied to
data from the Seasat-1 and the Atmosphere Explorer
Mission-1/Hecat Capacity Mapping Mission (AEM-1/
HCMM) spacecraft. Results show that complete inflight
calibration as described here can improve significantly
the accuracy of attitude solutions obtained from magne-
tometer measurements. .

This report discusses the difficulties involved in
obtaining attitude information from three-axis magne-
tometers, briefly derives the calibration algorithm, and
presents numerical results for the Seasat-1 and AEM-~1/
HCMM spacecrait.

Marnetometers As Attitude Sensors

Magnetometers are used widely for attitude deter-
sdnation and control. As part of an attitude control
- system, a thres—-axis magnetometer measures the
strength and direction of the earth's magnetic field and
can be used to compute elcctromagnetic torquing system
commarnis to control the spacecraft angular momentum.
Magnetic torquing can be used directly to control nuta-
tion, to precess the spacecraft angular momentum vec-
tor, or to maintain tho speed of momentum whesls within
prescribed limits.

For attitude control, a crude magnetometer will
suffice. A commonly used momentum management con-
trol law? uses only the sign of the magnetic field vector
components. I[n contrast, for attitude determination,
the best magnetometers are inadequate when attitude
aecuracias better than 0.5 degree/axis are required.

The accuracy of attitude solutions from magnetom-
eter measurements cannot exceed that of the magnetic
fleld model. Errors in geomagnetic fleld models==e.g.,
IGRF7S2-=probably exceed 0.5 degree (30) for a 600 to
800 km orbit. Even this attitude determination accuracy
cannot be achieved without correction for numerous
sources of add{tional-error. These sources include bias
magnetic fields produced in the spacecraft, internal
misalignment or miscalibration of the magnetometer
system, external misalignment of the magnetometer
wystem relative to the spacecraft reference axes, and

calibration errors in the conversion of analog magnetom-
etsr measurements to digital telemetry data. Zero-mean
error sources, such as noise on the analog signal and the
finite size of tha least-significant telemetered bit, also
need to be considered.

Flight experience with magnetomaeters flown onboard
sAs-13, AE-3%, 5AS-3%, AEM-1/HCMMS, and Seasat-17
has demonstrated the necessity of inflight calibration for
attitude determination for spacecraft that use magnetom-
eters for attitude control and thus incorporate magnetic
torquing systems. On HCMM, an uncalibrated magne§
tometer was used to provide coarse (about 5-degree) at-
titude solutions during attitude acquisition, but has been
of limited use in support of daily experimental operations.

This paper describes an algorithm for the inflight
calibration of three-axis magnetometer systems. These
methods have been applied to flizht data for Seasat-1 and
AEM-1/HCMM. Results show that inflight calibration
like the type presented here can significantly improve at-
titude accuracy. For AEM-1/HCMM, the improvement
is dramatic.

Bias Determination Equations

The availability of a source of attitude knowledge
independent of the magnetometer data is assumed. This
source may be {rom any combination of star trackers,

sun and earth sensors, or a dynamic model. The model
chosen for bias deterxm’.nnﬂon is
AvB m=a+9Bn+T+TBw (1

where A(t) =a 3 X 3 attitude matrix at time ¢t that trans-
forms vectors {rom reference to body
coordinates. Since both spacecraft to be
considered are earth-pointing, it will be
convenient tg\ choose orbital coordinates
(2 = nadir, Y = negative orbit normal)
as the reference system.

b3 (t) = the earth's magnetic field in reference
(orbital) coordinates.

B) = the earth's magnetic field in the space~
craft body coordinates based on nominal
(preflight) calibration of the magnetom=
et.r.
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D) = a telemetered control vector (e.g., the
spacecraft control magnetic dipole),
which i3 assumed to affect the magnetom~
etar data linearly.

D = a bias vector, to be determined.

S = a 3 x 3 scale-factor/misalignment matrix,
to be determined.

T = a 3 X 3 matrix relating the control vector
to the magnetometer data, to be deter-
mined.

I = the 3 x 3 identity matrix.

The matrix I + S is the alignment/scale~factor ma=
trix. If I + S is an orthogonal matrix, then the three
magnetometer axes are orthonormal and coherently mis-
aligned to the spacecraft reference axes. Non-zero
diagonai eilements of S are indicative of errors in the
magneigmeter axis scale factor--i.e., the constant re-
lating magnetometer output to magunetic field. In general,
the nine elements of S are small and unrelated and in-
clude both alignment and calibratdon errors.

The desired solutions for S, T, and b are those
which minimize the loss function

N

L= :Z:iai M, - - s"i-'rﬁilz @
where
H =ae) B ¢ - Be) @a)
B, =Be) @b)
B, =Be,) @e)

and the a; are nonnegative weights associated with the
measurements at the time t; and normalized so that

N
> a =1 @)
1=l

Straightforward minimization of this loss function
leads to the equations

s<BlB>+T 5]51}3 = <H|B> Sa)
s <B[D> + T <B{li>=<H[D> (5b)
BP=<ii>-5<B>- T<D> @c)
where the mean of 2 vector has been written as
N
<F> = Z ai i‘: (6)

and the covariance matrix of two vectors as

<FlG>= <TT,'T> - <F> <ET> m

Equations (5a) and (5b) may be re.duced further to
obtain

s = [<H[B> - <H[D> <15[B>"1 <D[B>]
« [<BIB> - <BIB> <BIB>"! <BIB>]

and an identical expression for T with B and B inter-
changed. When the term linear in the control vector is
not included in the logs function, the simpler result is
obtained

2 ®

s = <H{B> <§T§>’1 (92)
B=<H>-s5<B> (9b)

Application To Seasat-1

Calibration Results

Four orbits of Seasat-1 data (325 samples) were
anzlyzed. Reference attitudes were computed using data
from an Adcole sun sensor and an ITIIACO infrared hori~
zon scanner, which provided an attitude accuracy of
0.3 degree/axis (30). The results for the magnetometer
misalignment/scale-factor matrix and the bias vector
are given in Table 1.

Table 1 Inflight Calibration of the Seasat-1 Magnetom~
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The exclusion of a term linear in the control vector
is justified in the case of Seasat~1, since the control
elsctromagnets are separated from the magnetometers
by 6 m. Thus, a control magnedc dipole of 108 pole~-cm
can creats a magnetic field of magnetic no greater than
1.7 mG at the magnetometers.



Data from 4 days were analyzed: Day 205 (July 24,
1978), Day 219 (August 7), Day 225 (August 13), and
Day 227 (August 15). For the first 3 days, H; and B
were obtained every minute for approximately one orbit
(100 minutes); for Day 227, only 44 minutes of data were
available. The four orbits were analyzed individuailly,
2s shown in the first four columns of Table 1, and com-
bined to provide data bases containing 193, 210, and
325 samples. The largest data base consisted of
3 X 325 = 975 magnetic fiaid components.

Thednntndiwuthatthemavmr.?. is well
defined, {ndependent of the size of the data base, and
that the magnitude of B, 98.2 mG, is about 40 percent
of the earth's field at the Equator (for Seasat at 800 km),
The reason for this large bias is unciear; however, it
is clear that attitudes computed from Seasat magnetom-
eters data are useless without inflight calibration. The
matrix S is not observable using data from a single or-
bit, although the larger samples give reasonably con-
sistent resuits for all the componsats except Sg2. The
diagonal components of S, Sy3 = 0.021, Soq = -0.022,
and Saq = 0.002, indicate scale factor calibration errors
for the X~ and Y-axes of up to 2 percent. The off-
diagonal elements of S, the largest of which is 512 =
-0. 016, are equivalent to alignment errors of up to
1 degree. The elements of S are consistent with values
expected from the specifled alignment and calibration
accuracy. Because S i3 not skew-symmetric, the mis-
alignment of the vector magnetometer relative to the
body reference axss is not a simpile rotation. Rather,
S contains information on internal alignment, external
alignment, and crosstalk.* These cannot be separated.

The quality of the fit of 12 parameters to as many
as 975 data itams may be judged by the root-mean-
square (rms) deviation between the modeled and meas-
ured field components. Table 2 lists the various sources
of error which contributs to the observed rms error of
3.7 mG. The known error is 2.6 mG, implying an un=-
known error of \/(3.7)2‘ - (2.6)2 = 2.6 mG. This un=
known error could include such sources as noise on the
analog magnetometer output, undstected bit errors, and
currents associated with the power subsystam the solar
arrays and power cables are located near the magnetom-
etar). Nots that for GEOS=3 in a similar orbit, the rms
error was 1.5 mG, of which all but 1.0 mG resuited
from the least significant bit (Lsb) sizell.

Seasat Yaw Determination Accuracy

The magnetometers may be used to measure yaw
angle during orbit night and the portion of the orbit when
the sun is not visible to any of the four sun sensors.
During the last half of August 1978 and during September
1978, sun sensor data were available only in the South~
ern Hemisphere for about 20 percent of the orbit 30 to
35 percent of the orbit was in darimess) and magnetom=-
eter data were needed to supplement intarpolation

methods for yaw determinationl2, Because of the Seasat
spacecraft's failure on October 10, 1978,** after a
106-day miasion, it is particularly important to provide
the best possible yaw angle data during that short period.

Table 2 Sources of Unmodeled Error for Seasat

1 T

SOUNCE mactuos | St 10| aerenence
MAGNETOMETER LEAST cemG 13mG 3
SIGNIFICANT BIT
AEFERENCE ATTITUOE Q.1 aegree 0.8 mG 9
EAROR
ELECTROMAGNET 10 oote cm - 11 mG ThiS WORK
ACTIVITY N {3 anem)
FIELD MODEL IGAFES 1amG 0
ERROR
ANTICIPATED RMS 2.8 ™G
EAROA

To first order in the attitude angies, yaw may be
expressed as a function of the magnetometer data and
known roll and pitch angles as

_ Boa@®, * PBy) - By (B, - TBy)
2

01

5 (10)
B..+B 02

where B is the measure_ti magnetic field in the body after
inflight calibration and B, is the magnetic field in orbital
(veference) coordinates. The quantities vy, r, and p (yaw,
roll, and pitch) are a 3-1-2 set of Euler rotation angies
from orbital to body coordinates.

The expected yaw variance, 032, . may be written as
a function of the variance of the mnagnetometer measure-
meants, a% » and the variance in the Euler angles, ag,
assumed to be the same for pitch and roil. The resuit
is

2 2 2
o.+B,.©C

°§' 32 93_8 (11)
Byy * By

For thes Seasat orbit (inclination = 108 degrees, eccen-
tricity = 0., semi-major axis = 7168 km), the yaw vari-
ance is 2 minimum at the equator, where the standard
deviation has the value

(-4 = 0,92 degree 12)

y)equtor

The maximum yaw error occurs near the magnetic poles,
where the denominator of Equation (10) vanishes. For

sCrosstalk refers to induced magnetic fiekis normal to an applied ficld caused by ferromagnetic material or currents

in the magnetometer and associated electronics.

*sCaused by a massive, progressive short circuit in the slip ring assembly drawing power from one of the two solar

arrays.
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the data base used in computing tho biases above, the
largest yaw error was

(-4

3
y 13

) pole ™ 11 degrees

In addition, one must consider the error associated
with the size of the least significant bit (Isb) in the mag-
netometer telemetry, which is equivalent to 4.4 mG.
This leads to yaw angle quantization errors from 0.4 de-
gree (rom X-axis quantization) to 1.0 degree (from
Y-axis quantization) at the Equator, and correspondingly
larger errors at the poles. In principle, lsb errors
have zero mean and can be removed by flitering or
smoothing of yaw solutions. In practice, however, the

1sb size is an important source of systematic yaw error
because the magnetometer measurements change siowly
at the orbit rate.

Figure 1 shows a comparison of yaw angle solutions
computed using horizon scanner data and either sun sen-
sor data or magnetometer data, The sun sensor yaw
solutions are believed to be accurate to £0.3 degree; the
magnetometer yaw solutions were computed using mean
biases over the orbit, T =S =0, b = (69.3, -30.3,
-61.9)7 mG, and averaged over 120-second intervais to
reduce the effects of magnetometer data digitization and
noise. The figure indicates that, when mean biases are
used, the magnetometer yaw solutions are worse than the
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Fig. 1 Comparison of Sun Sensor and Magnetometer Yaw Angle Solutions for Day 205 Using
Mean Bias for the Orbit
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trivial solution yaw = 0 over the entire orbit, even near
the ascending and descending nodes where the errors
shouild be the smallest.

Figure 2 shows a comparison of the sun sensor and .
magnetometer yaw solutions using the inflight calibration
parameters given in the last column of Table 1. In the
figure, the dashed line indicatas the sun sensor solution,
the broken lines denote individual magnetometer solutions
with the X- or Y-axis magnetometar bit changes indicated
by the symbols X or Y, and the dotted line is the magne~
tometer yaw solution obtained by averaging over 120~
second intervals. The figure shows that the inflight cali-
bration substantially improves the accuracy of the
magnetometer solutions, although the solution yaw = 0
is still the better estimate over most of the orbit. The
vaw angle accuracy and the yaw angle isb in Figure 2

‘e in good agreement with the estimatss presented ear-
4er. Data from Day 279 were used to verify that the
" calibration parameters computed using data from
Days 208, 219, 225, and 227 are valid for other days.
The rms magnetometer data residuals for 125 minutes

were 2.2, 4.2, and 1.7 mG, for the X-, Y-, and Z-aas.
respectively. Because of the limited sun sensor data
coverage on Day 279, the data are either {rom sun sen-
sor 2, south of 45 degrees south Latitude, or from sun
sensor 3, north of 30 degrees north Latitude. This data
selection, corresponding to regions of the earth where
the field is primarily along the yaw axis and the sun is
near the horizon, is probably responsible for the large
Y-axis resicdual and the small X- and Z-axis residuals.
The 2 overall rms residual, {(2.2)% + (4.2)° +
(1.7121Y2 = 2.9 mG, does, however, indicats that the
magnetometer calibration is valid.

Application To AEM-1/HCMM

Calibration Results

The HCMM mission is described in Reference 13.
The attitude determination hardware consists of an in-
frared earth horizon sensor, three two-axis sun sensors,
and a three-axis fluxgate magnetometer. The magnetom-
etor {s part of the magnetic attitude and momentum



coontrol system and is located within a meter of three
10, 000 pole=cm electromagnetic torquing coils. The
proximity of the coils and magnetometers can resulit in
2 bias of approximately 20 mG, which is removed, in
part, by electronic compensation. This compensation
may be thought of as subtracting bias voitages, propor-
tionsal to the dipole currents, from the magnetometer
voltages. The compensation is desired to reduce the
effective dipole bias to 2 value less than 1 mG. Thus,
as in the case of Seasat-1, we assume that D; = 0.

Magnetometer and sun sensor data were used to pro-
vide coarse attitude information during the early orbits
of the mission. Subsequent to the initiation of normal
experimental operations, however, maguetometer data
were found to be of little use in meeting the experi-
menter's attitude accuracy requirements of 0.5 degree
for pitch, 0.7 degree for roll, and 2.0 degrees for yaws.
This was because the HCMM software was capable of
solving only for b in Equation (2), under the assumption
that S = T = 0, The values obtained for b varied from
data pass to data pass by as much as 10 mG in the case
of by.

Table 3 shows the results of the inflight calibration.
It should be noted that the rms difference between the
model ficid and the calibrated magnetometer is 2.2 mG,
considerably smaliler than the value of 3. 7 mG obtained
for Seasat~1. The smaller error was obtained despite
2 poorer attitude reference and greatsr electromagnetic
effects. Tabie 4 lists the error sources for HCMM and
shows that the observed rms residual may be accounted
{or fully by the known error sources. This result indi-
cates that the electronic compensation works well for
HCMM.

Table 3 Inflight Caltbration of the HCMM Magnetometer

PARAMETER OATA OAYS ANALYZED'
SET A SETS SETS A ANO 8

S, 0.080 a0 a.008
4 a0 a.007 0.008
Syq -0.003 —0.003 -0.00%
Sy -0.020 -a.o7 -a.019
S, 0.0 a.010 a.ote
L 0.019 aois o.ote
%3 o™ 0.020 0.02¢
L I o -0.008 —0.00¢
a3 -0.007 -0.007 -0.007
b, ImG} -0.7 -128 ~1.1
by ImG) 16.2 15.9 18.1
By (mG} -7 -0.9 -18
AMS (MG} 26 20 22
SAMPLES 132 308 3

ISET A OAYS 288, 204, 207, ANO 209
SET 8§ - DAYS 279, 290, 292, 298, 300, ANO 302

Table 4 Sources of Unmodeled Error for HCMM
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sounce MAGNITUOL () AgEr ENEnNCE
ERAQA
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VAGNETOME TER NOISE NEGLIGIBLE i
ANTICIPATED TOTAL RS ERRON 2137023 mG
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The parameters in Table 3 show that a 7 percent
error in the X-axis scale factor is the main reason that
the apparent X-axis bias varied from pass to pass and
that the uncalibrated magnetometers could not provide
useful attitude data. Misalignments of 1 to 1.4 degrees
and X~ and Y-axis biases of -11 and + 16 mG also con-
tributed to the magnetometer data probiems.

The data in Table 5 illustrate the performance of the
HCMM magnetometers, following the use of the calibra-
tion parameters listed in the last column of Table 3.
Forty-three data segments were analyzed, each corre-
sponding to a 2~ to 12-minute pass over the Orroral
Valley, Australia (ORR), Engineering Training Center,
Maryland (ETC), Merrit Island, Florida (MIL),
Goldstone, California (GDS), \Vinkfield, England (WNK),
Madrid, Spain (MAD), or Fairbanks, Alaska (ULA) track-
ing station. This data base represents all the HCIMM
data transmitted from 14 hr GMT on November 29, 1978,
to 0 hr GMT on December 2, 1978. It should be noted
that HCMM, unlike Seasat, does not have tape recorders
onboard; thus data are acquired only over the support-
ing tracking stations. The station names and acquisition
of signal (AOS) times (GMT) are given in the first two
columns of Table 5.

The accuracy of the calibrated magnetometer data
may be judged by examining the scalar (i.e., attitude-
independent) parameters in the table. The field model
residual,

‘u" ‘(':Té [MM“i’ - Mc“x’]ﬂ\m a4

is the rms difference between the measured field magni-~
tuds, M).(t;), and the model field magnitude, M (%), at
time t;. If the only source of error were the 4.7 mG lsb
of the telemetered magnetometer data, the rms residual
would be

Oey 4.7V/V12 = 1.36 mG as

The third column of Table 5 shows that, for the data
base, ¢y ranges from 1.65 to 5.46 mG, and that, for



Table 5

HCMM Attitude Data Summary

FIELO SUN-FIELD NADIR-FIELD SUN-NADIR
MAG- ANGLE ANGLE ANGLE
AQS STATION NITUOE
RESIOUAL RANGE RESIDUAL RANGE RESIDUAL RANGE RESIDUAL
€y MG osa (DEGI | 0sMIDEG) | veEMIDEG) | JUEM \DEG) | “gg {DEG) Jdsg (DEG)
781129.1400 ORR* 203 110-148 0.75° 146-162 0.33 55-77 0.67°
1538 ORR® m 116=154 0.69° 138-163 0.41 4173 0.62°
1801 ETC 2718 108-154 0.32 17-31 0.37 100-131 0.2¢
1935 ML 2.16 128-163 018 24-50 0.48 1=t 025
ms Gos 2.08 122-166 0.35 18=31 038 105=131 0.2t
781130.0033 WNK 2.14 - - 44 0.62 28-47 -
0087 MAD 2.12 - - 2743 094 2744 -
0239 wNK 2.18 - - 10-18 0es 28-30 -
024 MAD an - - 16-43 089 2787 -
0324 ORR 1.8¢ 38-52 0.29 133-162 032 137153 0.16
0830 ETC 5.468 - - 16=36 0.77 27-42 -
0725 ETC 3.38 - - 9=11 0.58 27-48 -
0727 ML 3.368 - - 11-54 055 27-41 -
0904 Gos 1.79 - - 16=46 0.4e 27-42 -
1040 GDS 2.00 - - 1448 0.47 27-45 -
183 MAD 200 114158 0.37 17-35 042 97-124 026
1154 WNK 196 95154 0.36 17-31 0.37 85-120 029
1328 MAD 2.24 114-155 0.34 4146 0.39 99-135 022
1329 wNK .28 93-183 0.33 1341 038 85-127 0.25
1348 ULA 178 - - 6-2¢ 0.38 40-64 -
1417 ORR* 199 110149 0.72° 140~162 0.37 52-78 061°
1584 ORR® 243 121-185 0es’ 142-18% 0.47 48-10 064°
1818 ML 292 124-156 0.40 39-52 0.51 110-143 028
1819 ETC mn 104156 037 12-39 040 98-132 027
2008 ULA 1.64 81102 0.40 7-10 028 79-94 0.29
2132 Gos 2 118-167 0.32 19-48 0.36 102-138 022
2141 ULA 193 20127 0.33 9-19 013 76-107 0.2
218 VLA 209 85-133 0.30 10-25 033 79-108 026
76120108817 WNK 2.31 - - 14=18 0.69 27=57 -
oits MAOD 2.3¢ - . - 1844 096 2645 -
0247 WK 233 - - 10-13 0.73 28-61 -
025} MAD 2.29 - - 1342 08e 27=48 -
0342 ORR 1.74 35-82 027 134164 0.4 138154 0.18
0807 eTe s.22 - - 12-38 0.74 2743 -
0743 ETC 288 - - 10-18 0.61 27-48 -
0748 ML 287 - - 1553 088 26-39 -
o921 Gos 1.68 - - 1448 0.44 26—44 -
1089 GOs 203 - - 1948 0.40 77143 -
1347 "Nk .18 99-154 037 1041 0.32 89-127 0.2%
1810 ORR* 234 128-153 0.7%° 133188 0352 4-66 0.68°
.7 (31 258 110-128 0.37 1244 0.38 101-132 0.2¢
2014 GOS 2.00 115168 033 16-43 0.32 102-134 0.2¢
7150 GOS 2.19 121167 0.34 19-80 . 034 103-138 03
n—— oupE— —— — —— ————
AMS VALUES 220 0.38 0S¢ 0.2¢
(39 PASSES) (29 PASSES) 139 PASSES) 119 PASSES)
250 033
(43 PASSES) (43 PASSES)

*OAWN PASS OVER ORRORAL. THESE PASSES ARE NOT

Jogg. SEE TEXT FOR EXPLANATION.

USED IN THE COMPUTATION OF THE OVERALL rms VALUES FOR Jagy OR




all but four passes (ETC at 11/30 § hr 50 min GMT,
11/30 7 hr 25 min GMT, 12/1 6 hr 7 min GMT and MIL
at 11/30 7 hr 27 min GMT), €y, <3mG. The remaining
39 passes have an unmodeled rms field residual of

= 1.7TmG

]1/2 a6

2 - 2
6¢M [(2.2) -c,M

which may be fully accounted for by errors in the field
modei and electromagnetic actvity (see Table 4).

The origin of the unusually high field magnitude
residual for the three passes between 5§ hr 50 min GMT
and 7 hr 27 min GMT on November 30 and the ETC pass
at 6 hr T min GMT on December 1 {s unknown. These
passes all occurred at night over the region of primary
experimental interest, so that bias fields produced by
onboard hardware may be responsibie.

Angular errors in the direction of the magnetic
field may be estimated by

§e
88, = -—L{-
M M

(17
where M varies from 230 mG near the Equator to

460 mG near the poles. This implies an rms angular
error in the range

0.42° < 8, = 0.21° L))

with the larger errors near the Equator.*

The angular errors also may be estimated from rms

residuals of the form,
(%a“i’ u“:’)

segy 2 o
s

- cos”! (ic“l’ . ?c“l))] {

where X and ¥ denota the direction of any two of the
fleld @1), sun (S), and nadir (N) reference vectors. The
subscripts M and C denote the measured and computed
values for these angles. As for ¢y, ABW is composed
of (zero-mean) noise and 1sb errors in the measured
fleld, sun, and nadir vector directions and systematic
senaor errors. Errors in the sun and spacecrait ephem=
erides are negligibly small so that errors in Mc con-
tribute to errors in ASgyg and ABppy, but not in ASgp,

an

which may be used to estimate errors in the measured
sun, SM' and nadir, EM. vectors.

HCMM flies three two-axis sun sensor heads, sen-
sors 1, 2, and 3, each with a 128-degree by 123-degree
field-of-view and a 0.5 degree isb (Reference 13). Sen-
sors 2 and 3 were used to calibrate the horizon scanner
data with an nlgorithm“ that, in essence, assumes that
the sun sensor orientation in the spacecraft is known and
calibrates the scanner by minimizing A8gp. Thus, for
purposes of atttude determination, sun sensors 2 and 3
and the horizon scanner define the HCMM attitude refer-
ence axes. Data from these three sensors are assumed
to be free of systematic errors, ’

A malfunctioning sun sensor 1 provided no useful at-
titude data from launch (on April 26, 1978) until
November 1978, when, during dawn over Orroral, the
sun passed close to the center of the sensor feld-of~
viewS. Five passes of Orroral data (on 11/29 at 14 hr
0 min GMT and 15 hr 35 min GMT, on 11/30 at 14 hr
17 min GMT and 15 hr 54 min GMT, and on 12/1 at 16 hr
10 min GMT) vield values of MSE in the range of 0.6G1 to
0. 67 degree, considerably larger than the rms value of
AeSE = 0, 24 degree for the other 19 passes. Data from
sun sensor 1 are assumed to be contaminated by a
0.6-degree misahgnmentla'. thus, measurements from
that sensor are not used to estimate sensor data accu-~

racy.

The zero-mean rms noise on the measured sun and
nadir vectors, aasumed equal, is estimated to be
A8gp//Z =0.17 degree. The rms error in the measured
field direction, composed of zero mean and systematic
errors, may be estimated by either Afqy or ABpyy, re=
duced by the 0. 17-degree rms error in the measured sun
or nadir vector.** These estimates are 0.3l degree and
0.47 degree, respectively, and are consistent with Equa-~
tion (18) and the previous estimates of the field modei
accuracy cited in the introduction. Thus, we conclude
that the inflight calibration of the HC)MM magnetometers
has removed most of the systematic measurement error,
leaving only a systematic rms field model error of 0.25
to 0.5 degree and a zero-mean rms measurement error
of 0.3 to 0. 6 degree.

HCMM Yaw Determination Accuracy

The reiationship among the residual rms errors,
ABgyg and A8pps the rms error in the direction of the
magnetic field, and errors in yaw derived from the cali-
brated magnetometer data are not easily shown analyti~
cally. These relations depend on the seasor accuracies
and the reference vector geometry, given in Table 5 by
the angies between the sun and magnetic fleld (Ogyg)s and
the angle between the nadir and magnetic fleld @py).
The angie between the sun and the nadir (8g¢) also is
given in the table.

*Attitude errors, howsver, may bo smaller near the Equator because the nadir and field vectors are normal near the

Equator and parallel near the poles.

**The rms errors in the measured nadir and sun vector directions were previously estimated to be 0. 17 degree and

0.20 degree, respectively, in Reference 6.

N



If we assume that the rms errors in the measure-

montotﬁparﬂlelandnomlto E are equal, then the
‘ms yaw error is given by afg)y reduced by the error
.n the measurement of E. If the 0.1 to 0.2 degree error
~ in £ 1s neglected, then Abgy may be used as a conserv-
ative estimate of the rms yaw error. For the 43 passes
composing the data base in Table §, ABEM ranges from
0.32 to 0. 96 degree, with an overall rms value of

0.53 degres. ’

Equation (11) with og = 1.7 mG, og = 1.7 degree,

and
cos )\
’io - 230L 0 mG (20)
sin

may also be used to estimate the systematic rms yaw
angle errors.* These results are shown in Table 6.
Actual errors can be considerably larger because the
spacecraft can pass much closer to the magnetic poles
than indicated by the simple dipole field and the tracidng
station latitudes. The north magnetic pole is approxi-
mately 46 degrees of arc from Orroral Valley,
Australia, and the south magnetic pole is about 25 de=~
grees of arc from Fairbanks, Alaska.

Table 6 Typical RMS Yaw Errors Directly Over HCMM
Tracking Stations Using a Dipole Field Model

RS VAW LAROR
STATION ATITUDE € LONQITUDE (sTHma vty Wlﬂvo"lf..,culw STAFON
one -ntar ea® o7 (1Y
- = w bl ol g ass
cos »*w E o a9
tre » o =y L1
wap o 2r mtw o®
wha nrr b 4 ses
uLa “w new 120

Figure 3 compares sun sensor and magnetometer
data yaw angis solutions over Winkfleid, Engiand, on
November 29, 1978, at 11 hr 35 min GMT. The esti-
mated rms error {n the sun sensor yaw solutions is
estimated by 48gp/v/2 = 0. 17 degree. (The angie be~
tween the sun and nadir ranged {rom 84 to 121 degrees
during the pass and Agp = 0.25 degree.) The estimated
rms error in the magnetometsr yaw solutions is be-
tween the valus of Afpyr = 0.36 degree and the value of
0.80 degree in Table 6. Tho mean of the two estimates,
(.38 + 0.80)/2 = 0,58 dogree, is shown as the error
bar in the figurse.

Fig. 3 Comparison of Sun Sensor and Magnetometer Yaw
Angle Solution Over Winkfield

Conclusions

An efficient and easily-implemented aigorithm for
the inflight calibration of magnetometers has been pre-
sented. The algorithm has been appiied to Seasat-1 and
AEM-1/HCMM fQlight data. For Seasat-1, large errors
in the preflight calibration were computed, but 2 3.7 mG
residual, unmodeled bias on the data severely limited
the obtainable yaw attitude accuracy. Inflight calibration
of the HCMM magnetometers, however, removed large
preflight calibration errors, including a 7 percent
X-axis scale factor error, and enabled the use of mag-
netometer yaw data in support of HCMM experimencal
objectives. Errors in the geomagnetic field model were
estimated and found to be 1 to 1.5 mG (rms) in magnitude
and 0.5 degree (maximum) in direction, in agreement
with earlier estimates at the HCMM, 600 km, aititude.
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