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Tests of Magnetometer/Sun-Sensor Orbit
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A magnetometer-based orbit determination batch filter has been improved and tested with real flight data
from Dynamics Explorer 2 (DE-2), the Magnetic Field Satellite (MAGSAT), and the Orsted satellite. These tests
have been conducted to determine the performance of a low-cost autonomous orbit determination system. The
spacecraft’s orbit, magnetometer biases, and correction terms to the Earth’s magnetic field are estimated by
this filter. Synthesized sun-sensor data, in addition to real magnetometer data, are used to make the field model
correction terms observable. The filter improvements include a new dynamics model and consideration of a priori
variances for the field model corrections. The best performance that has been achieved with this filter is a maximum
position error of 4.48 km for a 2-day batch of DE-2 data with second-order/degree field model corrections and
2.35 km for a 24-h batch of MAGSAT data with second-order/degree field model corrections. The maximum
position error for a 24-h batch of @rsted data is 59.50 km without field model corrections, but is only 2.19 km with

10th-order/degree field model corrections.

I. Introduction

RBIT determinationis an old topic in celestial mechanics and

is an essential part of satellite navigation. Traditional ground-
basedtrackingmethods that use range and range-rate measurements
can provide an orbit accuracy to within a few centimeters. Au-
tonomous orbit determination using only onboard measurements
can be a requirement of military satellites to guarantee indepen-
dence from ground facilities> The rapid increase in the number of
satellitesalso increases the need for autonomousnavigationbecause
of bottlenecks in ground tracking facilities ?

A filter that uses magnetometer measurements provides one pos-
sible means of performing autonomous orbit determination. This
idea was first introduced by Psiaki and Martel* and has been tested
by a number of researchers since then.>>~° Magnetometers fly on
most spacecraft (S/C) for attitude determination and control pur-
poses. Therefore, successful autonomous orbit determination us-
ing magnetometer measurements can make the integration of atti-
tude and orbit determination possible and lead to reduced mission
costs. Although magnetometer-basedautonomous orbit determina-
tion is unlikely to have better accuracy than ground-basedtracking,
a magnetometer-based system could be applied to a mission that
does not need the accuracy of ground-station tracking. The Tropi-
cal Rainfall Measurement Mission (TRMM), for example, requires
40-km position accuracy. An integrated magnetometer-based atti-
tude and orbit determination system can also be used as a backup
system. Some of examples of backup operation are profile recov-
ery of a mission when the spacecraft loses its orientation, antenna
pointing in the case of loss of contact with the ground station, and
checks of the primary orbit and attitude system to warn of abnormal
behavior.

Ground-based tests of such systems that used real flight data re-
ported position accuracies in the range from 8 to 125 km (Refs. 3
and 6-9). Psiaki et al. conjectured that some of the inaccuracy was
caused by uncertainty in the Earth’s magnetic field.® To combat this
source of uncertainty,batch filtershave been developedthatestimate
field model correctionsin addition to the orbit of the S/C.'*!! Either
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three-axis star sensor data'® or sun-sensor data,'' in addition to the
magnetometer data, were added in these studies to make the orbit
and the field model corrections simultaneously observable. These
studies used truth-model simulation to test their designs, and they
predictedimprovementsin the accuracy of magnetometer-basedor-
bit determination. Their predicted position accuracies ranged down
to better than 1 km.

The main goal of this work is to test the efficiency of the field
model correcting magnetometer-based orbit determination filter by
using real flight data. This is the first such test. The particular filter
that has been tested is based on the one that uses magnetometer and
sun-sensor data, as in Ref. 11. This work also improves the orbit
propagation dynamics model over what has been used in Refs. 4-6
and 10 and 11, and it considers a priori variances for the field model
corrections.

The rest of this paper consists of three main sections plus conclu-
sions. Section II explains how the batch filter of Ref. 11 has been
improved for use in this study. Section III describes the spacecraft
datathathavebeen used in this study. The test results with real flight
data are presented in Sec. I'V.

II. Modifications of Batch Filter

The field model correcting orbit determination batch filter of
Ref. 11 is extensivelyused in this study. To deal with real flight data,
the orbital dynamics model had to be improved. The cost function
has also been changed to include a priori variances for the field
model corrections, which allow the filter to decide whether it has
enough data to estimate accurately these corrections. This section
explains the orbital dynamics model improvements and gives a re-
view of the batch filter that has been used in this study. The addition
of a priori variances for the field model corrections is explained in
the review of the batch filter.

Note that the batch filter is not practical for autonomous orbit
determination. The main focus of this study, however, is to prove
the validity of the field model correctionconcept. Therefore, a batch
filter that was already developedin Ref. 11 to use magnetometerand
sun-sensordata is used extensively. Developmentof a Kalman filter
version could be done in the future once the benefit of the field
model correcting approach has been verified.

A. Update of Orbital Dynamics Model

The orbital dynamics model that was used in the Ref. 11 filter
considered only secular J, effects and the effects of drag on altitude
and mean motion. It ignored the periodic effects of J,, higher-order
gravity effects, and the drag effects on eccentricity. A more accurate
dynamics model is preferable for dealing with real flight data.



JUNG AND PSIAKI 583

The new dynamics model used in this study considers the full
J, effects, and it uses a drag model that is based on the 1976 U.S.
standard atmosphere.'> The orbit is calculated via direct numerical
integration of the following equation of motion, which is expressed
in an Earth-centered Earth-fixed (ECEF) reference frame:

P 2w X P w X (@ X T) = e = — (1o /IF1)r
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where w is the Earth’s rotation rate vector, ug is the geocentric
gravitational constant, r is the position vector of the S/C in the
ECEF frame, a,,(r) is the gravitational acceleration due to Earth
oblateness, and a,(r, F) is the acceleration due to drag. Note that
the ECEF reference frame is defined with +x pointing through the
equator at the Greenwich meridian and +z pointing through the
north pole. The standard fourth-order Runge-Kutta method with a
fixed integrationstep size is used in the integration of Eq. (1), where
a;,(r)is"
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where Rg is the Earth’s equatorial radius; J, is the gravity field’s

lowest zonal harmonic coefficient; and x, y, and z are the Cartesian

coordinates of the S/C in the ECEF frame, r=[x, y, z]”. Here,
a,(r,r)is

a,(r, 1) = —(B/2)pmIIFIF 3)

where p is the atmospheric mass density, 8 = Cp S/m is the inverse
of the S/C’s ballistic coefficient, Cp is the S/C’s drag coefficient,
S is its aerodynamic reference area, and m is its mass. Here, p(r)
is calculated from a cubic spline interpolation of the natural log of
tabulated data from the 1976 U.S. standard atmosphere.?

The accuracyof the filter’s new dynamics model has been checked
and comparedto that of the old dynamics model. This has been done
by using another batch filter to estimate the six initial conditions for
this dynamics model plus 8 by minimizing the sum of the square er-
rors between the measured position time history of an actual S/C and
the modeled positionbased on propagationof Eq. (1). The closeness
of this fit gives an indication of the model’s propagation accuracy.

This dynamics evaluation filter has been run on real flight data
from Dynamics Explorer 2 (DE-2) and the Magnetic Field Satellite
(MAGSAT). The maximum position error of this test when using
the old dynamics modelis 2.16 km for a 24-h MAGSAT data set and
4.35-4.90 km for 48-h DE-2 data sets. The new dynamics model
has a smaller maximum position error than the old one: 1.6 km for
a 24-h MAGSAT data set and 3.50-4.33 km for 48-h DE-2 data
sets. Thus, the new dynamics model has a slightly better orbital
propagation accuracy than the old one and is accurate enough for
use in the magnetometer-basednavigation filter.

Note that the constraintsin computing resources for autonomous
operation are not severe considering the recent dramatic improve-
ments in computer power. Therefore, the improved dynamics model
is probably too simple to be used in a typical resource-rich com-
puting environment. The goal of this study, however, is to verify
the contribution of the field model corrections to the accuracy im-
provement of magnetometer-based orbit determination using real
flightdata. Therefore, a very accurate dynamics model that includes
higher-order perturbations of the Earth’s gravity field and perturba-
tions from the sun or the moon has not been used in this study.

B. Estimation Vector
The batch filter’s estimation vector with the new dynamics model
is
P = [%0, Yo 20, %0, Jo. 20, B, s by, b2yl a1 81 41 a1 Y
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where the first 6 elements are the initial position and velocity of
the S/C in the ECEF frame, the 7th element is the inverse of the
ballistic coefficient, the 8th-10th elements constitute a magnetome-
ter bias vector, and the remaining elements are correction terms to
coefficients of a spherical harmonic expansion of the Earth’s mag-
netic field.!®!" The field correction elements include an external
ring current field model (the first six correction terms) and pertur-
bations to the Earth’s internal magnetic field model. Note that NV is
the maximum order and degree of the field model corrections.

C. Batch Filter

The batch filter used in this study is the same as the one used
in Ref. 11, except for an improvement to the dynamics model and
an addition to the cost function that models a priori variances of
the field model corrections. It finds the p estimation vector that best
approximates the measurement data based on the dynamics and
measurement models.

Two pseudomeasurements,the magnitude of the Earth’s magnetic
field and the cosine of the angle between the Earth’s magnetic field
vector and the sun direction vector, are used. These measurements
are independent of the S/C’s attitude. Let By be the magnetic
field vector that is measured by the magnetometer and let §p,e)
be the sun unit direction vector that is measured by the sun sen-
sor, with both measurements occurring at sample time #,. Both of
these measurements are expressed in a common S/C-fixed coordi-
nate system. Then the two pseudomeasurementsare given by
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where b=[b,, b,,b,]" is the estimated magnetometer bias vector
expressed in S/C coordinates.
The modeled values of the two pseudomeasurements are

Yimod (3 P) = V BZ;ZBsez (6a)
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where By, [r(p,t),q0,q],..., AhY, 5] is the modeled Earth’s
magnetic field vector in local south-east-zenith coordinates,
Secie(#;) is the sun unit vector in an Earth-centered inertially fixed
(ECIF) reference frame, and Agcigsse, [F(P, ti), ] is the transforma-
tion matrix from local south-east-zenith coordinates to ECIF coor-
dinates. By, is calculated using a sphericalharmonic expansionand
includes the effects of the estimated field model corrections.'

The nonlinear least-squares cost function that gets minimized by
the batch filter is

J(p) = %f |:ylm°d(tk;p) — ylﬂws(k)(p)T

o
k=1 B

2
1 f |:y2mod (te;p) — yZmes(k)(p)i|

oy
k=1 y2(k)

o\’ A\’ A\ o\’

Sl (A8) (A8 ) L (A L (2
2 o 0! ! oy

N\’ A\’ v\

A Ah Ah
+ (—gz) +<—2) +---+< N) (7

o, o, oN

& 2 N

where M is the number of data samples; o is the standard deviation
of the field magnitude measurement; oy, is the standard deviation
of the cosine pseudomeasurement, which is described in Ref. 11;
and the o, and o}, quantities are a priori standard deviations of
the spherical harmonic coefficients of the Earth’s internal magnetic
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Table 1 Sample coefficients of the 1995 IGRF field model and the
corresponding nominal a priori variances (o, or o) for the field
model corrections

Model/variance, nT g? g 11 hi gg gé hé

1995 IGRF model ~ —29682 —1789 5318 —2197 3074 —2356
0g Or 0y 91.00 57.00 119.50 73.00 10.00 10.25

field model. The first and second terms are the ones that are used in
Ref. 11, and the remaining terms are added in this study to model
a priori knowledge of the field model coefficients. These additions
help to ensure reasonable field model corrections. The second term
of the cost function is calculated only for sample times when sun-
sensor data are available.

The nominal o, and o, values of Eq. (7) have been chosen as the
average of two observed five-year changes in the corresponding co-
efficients of the International Geomagnetic Reference Field (IGRF)
model. One change was for the period 1980-1985, and the other
change was for 1995-2000. Note, however, that a value of 0.5 nT
has been used wheneverthe average change was less than this lower
bound. A special 1980 Earth magnetic field model or the 1995 or
2000 IGRF model has been used as the a priori field model in each
of this study’s various tests. When the measurement date of real
flight data is close to the starting date of an a priori magnetic field
model, % of the nominal o, and o}, values have been used to allow
only smaller variances in the field model corrections and to achieve
a more reasonable predicted accuracy from a consider-covariance
analysis. Nominal o, and o), values are used for measurement data
that are measured far from the starting date of the a priori magnetic
field model. Such cases need larger field model corrections. Table 1
shows the first few terms of the spherical harmonic coefficients of
the 1995 IGRF model and the corresponding nominal o, or o), val-
ues. The coefficients of Table 1 are used with associated Legendre
functions of degree n and order m that are normalized according to
the convention of Schmidt (see Ref. 13).

The Gauss-Newton iterative numerical method is used to solve
this nonlinear least-squares problem.!" It requires the calculation
of the partial derivatives of the measurement errors with respect
to the p vector, which it uses to find search directions. They are
also used to compute the filter’s predicted position accuracy using
consider-covarianceanalysis.

Consider-covariancetakes into accountthe effects of unestimated
parameters on the filter accuracy.* The systematic errors due to
magnetic field model coefficients that do not get estimated are
included in a consider-covariance analysis. Systematic errors of
unmodeled perturbations to the dynamics model, such as unmod-
eled higher-order gravity terms and solar radiation effects, are not
considered in the consider-covarianceanalysis in this study.

D. Alternate Filter That Does Not Estimate Field Model Corrections

An alternate batch filter has been developed to provide a point of
comparison for the field model correcting filter. It does not estimate
field model corrections, nor does it use sun-sensor measurements.
It only considers the first term of the cost function in Eq. (7). This
filter is similar to the batch filter of Ref. 6, except that Ref. 6 used
the poorer dynamics model mentioned earlier. This filter can be
used to evaluate the advantages of field model corrections over the
traditional magnetometer-based orbit determination without field
model corrections.

E. Additional Filters

Two additionalbatch filters have been developedfor testpurposes.
One is a field model correctingfilter with an a priori drag coefficient
estimate. It is assigned a relatively small a priori drag variance.
This filter keeps its estimated 8 nearly fixed at the a priori value
of 0.03 m*/kg by adding an additional term to the cost function of
Eq. (7) that minimizes the weighted square error between 8 and its
a priori value. This filter is useful for a higher-altitude S/C (perigee
altitude above the 500-600 km range) because 8 becomes nearly
unobservable due to the minimal effects of drag at such altitudes.

The other filter is a field model correcting filter that does not esti-
mate orbit. This filter uses tracked position instead of the estimated

S/C orbit and only estimates field model correctionterms. This filter
can help to determine whether the accuracy of field model correction
estimates is compromised by the simultaneous estimation of orbit.

III. Real Flight Data

Real flight data from three S/C, DE-2, MAGSAT, and @rsted,
have been used to test the batch filter. These S/C are described
hereafter. Data from a fourth S/C, the TRMM, also have been tested.
Its magnetometerdata, however, were uncalibrated,and the per-axis
residual error standard deviations were over 300 nT. These poorly
calibrated data led to large maximum position errors for the orbit
determination filter, on the order of 50 km. Therefore, the results
for TRMM are not included in this study because an accurately
calibrated magnetometer is necessary if one wants to apply this
technique.

A. DE-2

The DE-2 spacecraft was launched in August 1981 to study the
coupling between the magnetosphere, the ionosphere, and the upper
atmosphere. DE-2 had roughly a 290-km perigee altitude, a 810-km
apogee altitude, and a high inclination, 89.9 deg. It operated for
about two years. Magnetometer data, three-axis attitude data de-
rived from sensors, and position data derived from traditionalrange
and range-rate ground-based tracking are all available for DE-2.
DE-2 is known to have a 28-nT 1-o accuracy for the magnetometer
data and better than 1-km accuracy for the position data. Sun-sensor
data were not directly available. Therefore, it has been synthesized
by transforming the known sun position in ECIF coordinates us-
ing the DE-2 estimate of the attitude transformation matrix from
ECIF coordinates to S/C coordinates. The attitude uncertainty of
this transformation is about 0.3 deg. The position of the sun in the
ECIF coordinatesystemis calculatedusing the algorithmin Ref. 15,
which provides a 0.006-deg sun position accuracy. Eclipse by the
Earth is also considered in synthesizing sun-sensor data.

Tests have been run using two sets of data extracted from a
CD-ROM archive of the DE-2 data that are available from the Na-
tional Space Science Data Center (NSSDC). One set was measured
on 1-2 November 1981 (data set A), and the other set was measured
on 15-17 March 1982 (data set B). Both data sets were measured
when the activity index for solar magnetic storms was low. The
sample period is 60 s, and both data sets are spread out over about
48 h. There are, however, data gaps about every 2 or 3 h, and some
of these gaps are as long as 10 h. Thus, the actual measurement
coverage time is 13.9 and 6.7 h for data sets A and B, respectively.
Bad magnetometer data points have been removed before testing
the batch filter. A bad point is considered to occur when the mea-
sured magnetometer data is off by over 1000 nT from the modeled
magnetometer data based on the known S/C position from ground
tracking. Two out of 835 data points in set A and 30 out of 433 data
points in set B have been edited out.

The position tracking data of DE-2 is given in altitude, latitude,
and longitudeand is stated to be measuredin geocentriccoordinates
assuming a spherical Earth. In the process of checking the accuracy
of the filter’s new dynamics model, however, it has been found that
the position data must have been measured with respect to an ellip-
soidal Earth, not with respect to a spherical Earth. Therefore, it is
assumed that the tracking data of DE-2 have been measured with
respect to the ellipsoidal World Geodetic Survey 1984 (WGS-84)
model, which is usedin describing the Earth as an ellipsoid through-
out this study.

B. MAGSAT

The MAGSAT spacecraftwas launchedin October 1979. The ob-
jective of this mission was to obtain accurate vector measurements
of the near-Earth geomagneticfield for field modeling purposes.The
orbital properties were 97-deg inclination, 330-km perigee height,
and 500-km apogee height. This S/C had a cesium scalar magne-
tometer for calibration purposes and a vector fluxgate magnetome-
ter. The accuracy of the vector magnetometer was determined to
be 3 nT, 1-0 after inflight calibration using the scalar magnetome-
ter. The three-axis magnetic field components and the tracked po-
sition of the S/C using range and range-rate data are available in
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the CD-ROM archive of the NSSDC. The accuracy of tracked po-
sition is 60 m radially and 300 m horizontally (along track). The
magnetic field vector data are expressed in south, east, zenith lo-
cal coordinates. Because of the imperfect calibration of the attitude
determinationsystem, frequentsmall jumps occurin the vectormag-
netometer data, but not in the magnitude of the measured magnetic
field. Two MAGSAT datasets have beenused. One set was measured
on 2 February 1980 (data set A), and the other set was measured
on 12 March 1980 (data set B). The sampling period of all three
data sets was about 100 s without any gaps, and it was measured on
magnetically quiet days. Each data set lasts 24 h.

Sun-sensordata have been synthesizedfor data sets A and B. This
is similar to what has been done for DE-2, except that the y,es dot
product is computed in south, east, zenith local level coordinates
instead of in S/C coordinates.

C. Orsted

The Danish satellite @rsted was launched in February 1999. The
main objectiveof this missionis to provide a precise global mapping
of the Earth’s magnetic field. The orbit of @rsted had an apogee al-
titude of 865 km, a perigee altitude of 649 km, and an inclination of
96.48 deg as of 10 February 2000. @rsted has a scalar magnetome-
ter and a fluxgate vector magnetometer, and both magnetometers
are placed on an 8§-m deployable boom. Absolute position data and
vector magnetometer data in local south, east, zenith coordinates
are available. The position of the S/C is determined by an onboard
global positioning system (GPS) receiver and has an accuracy on
the order of 2-8 m. The vector magnetometer data are calibrated
using the scalar magnetometer for scale factor, bias, and nonorthog-
onality of the axes and then are calibrated for the transformationto
S/C coordinates, which are the axes of the star imager. This align-
ment transformation is accurate to 0.003 deg after calibration. The
accuracy of the vector magnetometer has been determined to be less
than 3 nT 1-o afterin-flight calibration. The accuracy of the star im-
ageris 0.003 deg perpendicularto its boresightand 0.014 deg about
its boresight. The vector magnetometer data are transformed from
S/C coordinatesto local south, east, zenith coordinatesusingattitude
data. Attitude information,however, is not explicitlyavailablein the
dataarchiveof @rsted. This is the same as for the MAGSAT datasets.

Four data sets that were measured on 21-22 December 1999 (data
sets A and B) and 18-19 January 2000 (data sets C and D) have been
tested. All data sets were measured when the solar storm activity
level was low. The data were sampled at about 30-s intervals and
have a maximum data gap of 57 min. Each data set lasts 24 h, and
the last 3 h of data sets A and C overlap with the first 3 h of data
sets B and D, respectively. These overlapped data sets are used for
orbit overlap tests that evaluate the precision of the filter’s estimated
position. Similar to MAGSAT, sun-sensor measurements and the
Yames dot product have been synthesized in local south, east, zenith
coordinates.

IV. Results of Filter Tests Using Flight Data

Two batch filters, one without field model corrections and the
other with field model corrections, have been tested with DE-2,

MAGSAT, and @rsted flight data. The filter without field model
corrections uses only magnetometer data, and the one with field
model corrections uses both magnetometer and sun-sensor data.
The magnetometer bias vector is estimated in both filters only for
DE-2 because this is the only S/C whose magnetic field vector data
are given in S/C coordinates. It would not make physical sense to
define a bias in the local south, east, zenith coordinate system in
which the MAGSAT or Qrsted data are available. Tests of the filter
without field model corrections can be compared with tests of the
field model correcting filter to check whether there is an advantage
to including field model corrections.

To use the batch filter that estimates field model correctionsalong
with the orbit, sun-sensordata are used in addition to magnetometer
data. When using mixed data types in a filter, it is important to use
reasonable predictions of their accuracies to weight properly their
errors, as in Eq. (7). The 1-o accuracy of the magnetometer data
and the sun-sensor data are assumed to be 15 nT and 0.15 deg,
respectively, for all three S/C. With these o values as inputs, the
filter’s optimal residual measurement errors show similar levels of
accuracy. MAGSAT and @rsted have attitude accuracies that are
about 10 times better than this sun-sensor o, but this inconsistency
is allowable because Ref. 11 indicates that the filter’s performance
is relatively insensitive to this o value.

The performance of these filters has been evaluated by compar-
ing their S/C position estimates with those that have been derived
from ground-tracking data or an onboard GPS sensor. The filters’
predicted accuracies of their position estimates also have been cal-
culated using the estimation vector’s consider-covariance and lin-
earized covariance propagation techniques.'®'* This predicted ac-
curacy has been compared with the actual accuracy as a means of
checking the validity of the consider analysis.

A. DE-2 Results

Langel and Estes’s 80 model (see Ref. 16) is used as the a priori
field model for the DE-2 data. Langel and Estes’s 80 model was
derived using the data from MAGSAT. The secular variation coef-
ficients of this model are considered to be valid between 1978 and
1982, and the magnetic field in DE-2’s 1981-1982 time frame is
calculated by using the secular variations of this model. The Langel
and Estes’s 80 model only depends on measurements that were
taken up to 1980. Therefore, Langel and Estes’s 80 model would
have been available during the operation period of DE-2 and, thus,
is a reasonable model to be used in the test of an operational orbit
determination filter. Because the measurement time of DE-2 data
sets are not far from the starting date (1980) of the a priori field
model, 7= of the nominal o, and o;, values of Table 1 are used in
considering a priori variances of field model coefficients.

The DE-2 results for these batch filters are summarizedin Table 2.
Table 2 presents the results for data sets A and B. Note that Table 2
has 11 rows and 7 columns. The first column gives the value of
N, the highest order and degree of the field model corrections that
the filter estimates [review Eq. (4)]. Thus, each row except the first
row corresponds to a different maximum order and degree of the
filter’s estimated field model corrections, and the complexity of the

Table 2 Position error metrics for two different DE-2 data sets

Data set A Data set B
Predicted Maximum Predicted Maximum
Maximal order and  maximum l1-o  positionerror ~ rms value of  maximum l-0  positionerror  rms value of
degree of field accuracy of magnitude, position error, accuracy of magnitude, position error,
model corrections position, km km km position, km km km
No corrections e 5.29 3.94 e 5.87 3.68
First 3.54 5.33 2.27 5.11 8.16 4.77
Second 3.06 4.48 2.54 5.36 9.08 5.72
Third 2.05 5.76 2.82 3.32 6.99 4.21
Fourth 1.36 6.58 3.11 3.07 8.19 4.23
Fifth 1.32 7.93 3.76 2.92 8.47 4.79
Sixth 1.30 8.17 3.85 2.87 7.61 4.20
Seventh 1.27 7.97 3.47 2.87 7.93 4.11
Eighth 1.25 8.08 3.54 2.87 7.77 4.13
Ninth 1.25 8.13 3.54 2.87 7.74 4.11
Tenth 1.25 8.17 3.54 2.87 7.76 4.13
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Table 3 Position error metrics for two different MAGSAT data sets

Data set A Data set B

Predicted Maximum Predicted Maximum
Maximal order and maximum 1-o position error maximum 1-o position error
degree of field accuracy of magnitude, accuracy of magnitude,
model corrections position, km km position, km km
No corrections e 7.02 e 4.56
First 4.07 3.88 4.62 3.24
Second 3.40 4.04 3.54 2.35
Third 3.07 3.54 3.22 2.78
Fourth 1.45 3.15 1.56 3.29
Fifth 1.32 3.00 1.34 342
Sixth 1.23 2.86 1.26 3.38
Seventh 1.19 3.07 1.22 341
Eighth 1.18 2.97 1.18 3.28
Ninth 1.18 3.00 1.18 3.26
Tenth 1.18 3.00 1.17 3.23

corrections (and of the filter) increases as one moves from the upper
rows to the lower rows. (Note that in all cases considered in this
paper the filter’s field model uses a 10th-order/10th-degree field
model. It uses a priori coefficients for terms that do not get cor-
rected by the filter’s estimation process.) The first row corresponds
to the filter that does not estimate field model corrections and that
uses only magnetometerdata. The second and fifth columns tabulate
the consider-analysis predictions of the maximum standard devia-
tions of the position error magnitude for the two different cases.
Unless otherwise noted, the term maximum refers to maximization
of a given quantity over the entire batch interval. Columns 3 and 6
give the actual maximum position error magnitudes for these two
cases as computed by differencing the estimated positions with the
true positions as derived from ground-based tracking or GPS data.
Columns 4 and 7 present the rms of the position error magnitudes.

The maximum position error magnitude without field model cor-
rections is 5.29 km for data set A and 5.87 km for data set B. These
results represent an improvement of a factor of three or more from
the DE-2 results of Ref. 6. This improvement is thought to be the
result of an improved calibration of the DE-2 data.

The position error magnitudes associated with data set A are
smaller than the corresponding values for data set B for lower-
order/degree corrections. With first-fourth order/degree field model
corrections, data set A yields maximum position error magnitudes
from4.48to0 6.58 km, but data set B’s maximum position error mag-
nitude ranges from 6.99 to 9.08 km. For higher-order/degree field
model corrections, maximum position error looks similar for both
data sets, but the rms position errors show that data set A has better
position accuracy than data set B.

The better position accuracy of data set A may come from the
actual magnetometer data coverage time of data set A being two
times longer than that of data set B: 13.9 h for data set A vs 6.7 h for
data set B. This effect is probably the reason why data set A yields
lower predicted 1-o position accuracies (compare columns 2 and 5
of Table 2).

Overall, the results with field model correctionsare slightly worse
than those without field model corrections. Even the best-case data
set A results with field model corrections (maximum position error
of 4.48 km) are only slightly better than the data set A results with-
out these corrections (maximum position error of 5.29 km). The
best-case B results with corrections (maximum position error of
6.99 km) are not as good as the results for the filter that does not es-
timate field model corrections (maximum positionerror of 5.87 km).
These results may be caused by the low percentage of actual mea-
surement coverage time for DE-2 over the two-day span of each
data set.

Note that the dynamics model used in this study can cause a
maximum position error of about 4 km over the 48-h duration of a
DE-2 data set: 3.50 km for data set A and 4.33 km for data set B.
Therefore, a maximum position error for magnetometer-basedorbit
determination as low as 4.48 km is very good. It is almost at the
limit of the accuracy of the dynamics model.

The filter’s predicted maximum position standard deviation im-
proves as the order/degree of the corrections increases for lower-
order/degree corrections and keeps similar values for sixth- or
higher-order/degree corrections. The actual maximum position er-
ror, however, does not get better with higher-order/degree correc-
tions. Therefore, rough estimation of the actual position error of the
batch filter based on its consider-analysisposition accuracy may not
be good for DE-2 cases.

B. MAGSAT Results

AIIMAGSAT dataused in this test were measuredin 1980. There-
fore, Langel and Estes’ 80 model (see Ref. 16) has been used for
the MAGSAT data sets.

Two batch filters, one without field model corrections and the
other one with field model corrections, have been tried for data sets
A and B. Table 3 summarizes the MAGSAT results for these filters.
These results assume % of the nominal o, and o}, values as 1-o
accuracies of the field model coefficients.

The best maximum position error magnitudes for the field model
correcting filter are 2.86 km for data set A with sixth-order/degree
field model corrections and 2.35 km for data set B with second-
order/degree field model corrections. These results representa factor
of two or better improvement in the position accuracy for best-case
field model corrections in comparison to the accuracy without field
model corrections for both data sets. Thus, unlike DE-2, field model
corrections can improve the performance of magnetometer-based
orbit determination for MAGSAT. It is also true that the results for
all order/degree correctionsfor MAGSAT are better than the results
when corrections are not used. The ratios of the maximum position
error magnitudes to the consider-analysispredicted maximum posi-
tion standard deviations range from 0.95 to 2.58 for data set A and
from 0.66 to 2.80 for data set B. This shows that the statistical model
of the consider-analysisis reasonable. Therefore, the maximum po-
sition error of the batch filter can be inferred from the predicted
position accuracy of the consider analysis.

C. Orsted Results

There is a question of whether the DE-2 and MAGSAT results
were helped by the data coming from a time period for which there
is a very good a priori estimate of the Earth’s magnetic field. This
is true because the currently available field models for their flight
time frames are based on data that extend after the fact, or they are
based on MAGSAT’s accurate survey of the Earth. To clarify this
issue, the orbit determination systems should be tested with recent
magnetometer data that are measured when the only available Earth
magnetic field model is one that is based only on past data of mod-
erate accuracy. @rsted data are useful for such a test because @rsted
carries an accurate magnetometer and is currently operational.

Unlike the DE-2 and MAGSAT cases, which have a much lower
perigee altitude, B is not practically observable for @rsted because
the effects of drag on its orbit are minimal. Therefore, the filter
that incorporates an a priori 8 estimate has been used on @rsted
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Table4 Position error metrics for @rsted data sets (December 1999 data) with a priori field model from 1995 IGRF

Three-h overlap of

Data set A Data set B data sets A and B

Predicted Maximum Predicted Maximum  Maximum position
Maximal order and maximum l-o  positionerror maximum l-o  position error difference rms value of
degree of field accuracy of magnitude, accuracy of magnitude, magnitude, position difference,
model corrections position, km km position, km km km km
No corrections e 59.50 e 50.71 24.89 22.32
First 3451 58.72 36.55 54.63 17.34 16.38
Second 41.97 29.14 38.80 26.48 10.29 9.31
Third 17.95 17.55 16.38 19.07 7.81 6.69
Fourth 10.74 8.87 11.49 10.82 7.74 6.35
Fifth 4.28 5.64 4.44 7.39 6.63 5.14
Sixth 3.50 2.41 2.85 3.79 4.49 3.16
Seventh 2.35 2.48 1.86 3.21 3.56 2.62
Eighth 1.13 2.61 1.29 3.40 2.81 1.90
Ninth 1.11 2.46 1.16 3.85 3.10 2.18
Tenth 1.07 2.19 1.15 4.14 3.27 2.15

Table 5 Position error metrics for @Orsted data sets (January 2000 data) with a priori field model from 2000 IGRF

Three-h overlap of

Data set C Data set D data sets C and D
Predicted Maximum Predicted Maximum  Maximum position

Maximal order and maximum l-o  positionerror maximum l-o  position error difference rms value of
degree of field accuracy of magnitude, accuracy of magnitude, magnitude, position difference,
model corrections position, km km position, km km km km

No corrections e 9.09 e 7.52 12.63 8.58
First 3.38 7.90 3.77 9.00 2.60 1.79
Second 3.13 5.88 3.24 5.98 233 1.45
Third 1.61 5.87 1.67 5.52 1.81 1.34
Fourth 1.16 5.69 1.10 5.08 2.09 1.30
Fifth 0.83 5.52 0.79 5.26 1.78 1.10
Sixth 0.82 5.87 0.78 5.40 222 1.39
Seventh 0.81 5.55 0.77 5.24 2.15 1.36
Eighth 0.81 5.38 0.77 522 2.02 1.27
Ninth 0.81 5.37 0.77 5.21 2.03 1.28
Tenth 0.81 5.36 0.77 5.21 2.00 1.26
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data when orbit and, optionally, field model correction terms are
estimated.

Tables 4 and 5 present the results for @rsted data sets for dif-
ferent orders/degrees of the field model corrections. Results for
the filter that does not correct the field model are also shown in
the first row of both Tables 4 and 5. Table 4 is for measurement
data from December 1999 (data sets A and B), and the filter uses
the 1995 IGRF model as its a priori field model. Table 5 is for
measurement data from January 2000 (data sets C and D), and
the filter’s a priori field model is the 2000 IGRF model. The a
priori field models have been calculated via propagation of the
1995 or 2000 IGRF model using secular terms. These models
have been obtained from the National Geophysical Data Center
(http://www.ngdc.noaa.govikeg/potfld/tabligrf.shtmlIGRF95.html
and ftp://www.ngdc.noaa.govSolid_Earth/Mainfld-Mag/Models).

Tables 4 and 5 show the predicted position accuracy from the
consider-analysis (second and fourth columns) and the maximum
position error (third and fifth columns) for two data sets. The sixth
column gives the maximum magnitude of the differencebetween the
two datasets’ positionestimates during their 3-h overlap period. The
seventh column gives the rms of the position difference magnitude
for the overlap period. The results in Table 4 used nominal o, and
o), values, whereas the ones in Table 5 used one-tenth of the nominal
o, and oy, values. The use of different o, and o), values is motivated
by the factthathighera priorivariancesof the field model corrections
should be allowed for a very inaccuratea priori field model, such as
the one used for the results of Table 4.

The maximum positionerror magnitude for the filter without field
model correctionsis 59.50km for dataset A, 50.71km for datasetB,
9.09 km for data set C, and 7.52 km for data set D. The large error
for data sets A and B is not surprising because of the large residual

error in the a priori field model. The rms residual field model error
for data sets A and B from a comparison of raw magnetic field data
with the 1995 IGRF a priori magnetic field model is 72.22 nT for
data set A and 65.14 nT for data set B. These residual errors are far
bigger than the correspondingerrors for data sets C and D, 22.52nT
for data set C and 20.84 nT for data set D, when compared with the
2000 IGRF a priori magnetic field model.

Table 4 shows the results for the case when an inaccurate a pri-
ori field model is applied. The overall trends of the results for data
sets A and B in Table 4 are quite similar. The position estima-
tion error of the field model correcting filter keeps improving as
the complexity of the order/degree of the field model corrections
increases. For data set A, the maximum position error keeps de-
creasing from 58.72 km at 1st-order/degree field model corrections
down to 2.19 km at 10th-order/degree field model corrections. For
data set B, the error in the estimated position reaches a minimum
3.21 km for seventh-orderdegree field model corrections. The re-
sults of Table 4 suggest that field model correctionsof at least sixth-
or higher-orderdegree should be tried when an inaccurate a priori
field model is used. Figure 1 shows the position error magnitude
time histories for the best position estimate with field model correc-
tions and for the one without field model corrections for data set A.
The field model corrections cause a dramatic improvement of the
accuracy of the estimated position. Therefore, the inaccuracy of the
a priori Earth magnetic field model seems to be the driving factor
in causing position estimation errors in the case of @rsted data if
one uses a filter that does not estimate corrections to the Earth’s
magnetic field.

The results of Table 5 are less dramatic than the ones of Table 4
becausea more accurate a priori field model is used for the results of
Table 5. The best position error is 5.36 km with 10th-order/degree
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Fig. 1 Position error magnitude time histories for Orsted data set A
with two batch filters.

corrections for data set C and 5.08 km with 4th-order/degree cor-
rections for data set D. The results for third- or higher-order degree
corrections remain almost the same for both data sets.

The @rsted results confirm that the field model correcting batch
filter can contribute to a substantial improvement in the orbit de-
termination performance when the only available Earth magnetic
field model is inaccurate due to the use of predicted secular vari-
ations over a long time scale, that is, 5 years. This conclusion has
been further confirmed by a set of erroneousruns that has been con-
ducted in the course of this research. By mistake, @rsted data set
C was originally run using a propagation of the 2000 IGRF field
model to 2010. This mistake caused very poor position estimation
performance when no field model corrections were estimated or
when only low-order corrections were estimated. When high-order
corrections were estimated, the position estimation errors become
very small, comparable to those that have been obtained using the
correct model. Thus, the field model correcting filter was able to
correct the IGRF model dating bug.

Tables 4 and 5 also show that the maximum position error is
consistent with the filter’s predicted position accuracy and with the
overlaptestresults. Compare column 2 with column 3 and column 4
with column 5 to see the consistency of the consider-based accu-
racy predictions with the actual errors. Compare columns 6 and 7
with columns 3 and 5 to see the consistency of overlap results with
the actual errors. In a real autonomous application, maximum po-
sition error cannot be calculated by comparing estimated position
with ground-station tracked position. The results of Tables 4 and 5
confirm that the combined use of predicted position accuracy from
consider-covariance analysis and overlap test results can provide
a solid means of estimating position accuracy autonomously and
determining a reasonable order/degree to use for the field model
corrections.

D. Tests of the Uniqueness and Reality of the Corrected Field Model

The following questions arise: Are the filter’s field model correc-
tions unique, and are they indicative of real variations in the Earth’s
magnetic field? These questions are answered through three tests of
the field model correcting filter with @rsted data set C, which was
measured in January 2000. These tests compare various corrected
and uncorrected field models. Note that the field model correction
terms from the field model correcting filter include corrections to
the Earth’s internal magnetic field and external ring current effects.
Therefore, when a corrected field model is compared to an a priori
propagated IGRF field model, only internal terms are considered. If
two differentcorrectedfield models are compared, thenbothinternal
and external terms are considered.

The first test is to check whether the corrected field is unique,
which amounts to an observability test. Two different a priori field
models, the 1995 IGRF model and the 2000 IGRF model, have been

used in the filter, and 10th-order/degree corrections are estimated
in each case. The a priori variance terms for the field model correc-
tions are not included in the filter’s cost function in this test because
the a priori variances incline the filter to generate a corrected field
that is close to the a priori field, which is not appropriate for an
observability test. The rms value of the magnitude of the field vec-
tor error between the two resultant corrected field models has been
computed along the @rsted orbit. This value can be viewed as be-
ing a norm-type metric of the discrepancy between the two field
models. It is 6.7 x 10~° nT, which is very small. The high level of
agreement between the two different corrected field models implies
that the corrected field model is unique and, therefore, simultane-
ously observable with orbit. Although the small rms error of two
resultant corrected fields implies observability, this is only a neces-
sary condition for the corrected field model to capture actual field
variations.

The secondtest checks whetherthe filter’s field model corrections
cause the field model to become more accurate. This test compares
the magnetic field vector based on the propagated 2000 IGRF field
model without corrections with one based on the propagated 1995
IGRF field model. The propagated 2000 IGRF model should be
fairly accurate for the January 2000 time frame of data set C; thus,
it is used as a sort of truth model for comparison purposes. In one
comparison, the propagated 1995 IGRF model is uncorrected, and
in the other case it is corrected by the filtering of data set C with
nominal values of o, and o;,. The rms value of the magnitude of
the field vector error between the propagated 1995 IGRF model
and the 2000 IGRF model is 95.87 nT along the orbit before cor-
rections get applied to the 1995 model. This rms error decreases
as higher and higher orders and degrees of corrections are esti-
mated and applied to the 1995 model. It decreases to 31.72 nT for
10th-order/egree corrections. This test shows that the field model
correcting filter with higher-order/degree corrections drives the in-
accurately predicted January 2000 field of the propagated 1995 field
model toward the more realistic 2000 IGRF field model. Italso con-
firms that low-order/degree corrections are not enough to predict
the January 2000 field model from the 1995 model; for example,
first-order/degree corrections left a 93.23 nT rms error.

The third test considers whether the simultaneous estimation of
orbit has a negative effect on the estimation of field model cor-
rections. In this test, corrections to the 2000 IGRF field model are
estimated for @rsted data set C in two different ways. One way
uses the field model correcting orbit determination filter. The other
way uses the second filter that is describedin Sec. IL.E, the one that
estimates only the corrections, not the orbit. Recall that this filter
uses the tracking data to determine instantaneous S/C position. The
corrected fields that have been estimated by these two techniques
have been compared. The rms magnitude of their vector difference
is 18.37 nT along the orbit. This small difference indicates that the
simultaneousestimation of orbit does not have a large impact on the
accuracy of the corrected field model.

The rms errors between the various field models show similar
trends in the entire altitude range from 300 to 900 km. The propa-
gated 1995 IGRF model with estimated 10th-order/degree correc-
tions is three to four times closer to the uncorrected 2000 IGRF
model than is the propagated,uncorrected 1995 IGRF model. Thus,
the field model correctionsfrom the @rsted orbit determinationfilter
are applicable to a broad range of altitude beyond that of the @rsted
trajectory.

These tests confirm that the field model correctionsfrom the orbit
determination filter are unique and that they provide reasonable
estimates of the true magnetic field.

E. Summary Results

The performance of the field model correcting filter for differ-
ent order/degree corrections is different for the three S/C. The
maximum position error decreases a lot for data sets A and B
of @rsted as the order/degree of the field model corrections in-
creases. The results for @rsted data sets C and D and for both
MAGSAT data sets improve modestly for lower-order/degree cor-
rections, but then do not vary much as the order/degree of the cor-
rections increases further. They do, however, maintain low position
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estimation errors for higher-order/degree corrections. DE-2 perfor-
mance varies from @rsted and MAGSAT and degrades slightly as
the size of the order/degree of the correctionsincreases. Neverthe-
less, the position errors are reasonably small for all cases that use
sixth-order/degree or higher field model corrections. They are no
larger than 8.2 km, which is sufficiently accurate for a number of
missions.

The trends of the maximum position error of the field model cor-
recting filter with different order/degree corrections may imply the
following. Very high-order/degree field model corrections improve
the performance of filter significantly for an inaccurate magnetic
field model like the one used for data sets A and B of @rsted (prop-
agation of the 1995 IGRF model to December 1999). The sixth-
or higher-order/degree field model corrections are enough to assure
good performance of the filter. If, however, the a priori model is
more accurate (like the 2000 IGRF model used in data sets C and D
of @rsted and the 1980 field model used for MAGSAT), then lower-
order/degree corrections are enough to achieve good accuracy. In
this latter case, higher-orderdegree corrections will produce simi-
lar performance as with lower-order/degree corrections because the
higher-order correction terms will not be very significant. In the
DE-2 cases, however, the position estimation becomes a little worse
with higher-orderdegree corrections, and the field model correct-
ing filter does not necessarily improve position estimation accuracy.
This may be due to DE-2’s small measurement coverage time of
magnetometer data with frequent and long data gaps.

Some facts about the magnetometerdata used in this study should
be noted. First, all tests are done with magnetometer data on mag-
netically quiet days. The field model correcting filter may not be
effective when solar storm activity is high. This system, however,
might still be applied during magnetically active days by the prop-
agation of estimated position from the data of magnetically quiet
days. It might help to extend the magnetic field model to include
the effect of solar winds, though this addition will make for a more
complicated system. Second, the magnetometer data of the three
S/C are very accurate, especially for MAGSAT and @rsted, which
have their magnetometers mounted on separate booms. The field
model correcting filter has not been tested on a mission with a less
accurate magnetometer. In general, the magnetometer data should
be clean, with minimum S/C-generated magnetic fields. This might
require the magnetometer to be mounted on a separate boom, away
from the main S/C body. It may also be necessary to discard mag-
netometer data that are taken when the local magnetic field changes
abnormally due to interference from specific electric equipment.
The failure of the filter with uncalibrated TRMM data also suggests
that the magnetometer data should be well calibrated. Calibration
may include alignments, scale factors, biases, and torquer coupling
matrices.

V. Conclusions

Several magnetometer-based orbit determination batch filters
have been developed and tested using real flight data. The basic
filter estimates a S/C’s orbit along with magnetometer biases and,
optionally,correctionterms to a sphericalharmonic model of Earth’s
magnetic field. If field model corrections are estimated, then the
filter requires sun-sensor data as well as magnetometer data. The
enhancementto these filters as compared to previous work has been
to use an improved orbital dynamics model, to consider a priori
variances of field model corrections, and to allow the use of an a
priori drag parameter estimate for a higher altitude S/C.

The filter performs well for flight data from the DE-2, MAGSAT,
and @rsted S/C. When only magnetometer data are used, without
field model corrections, the maximum position error is 5.29 and
5.87 km for two DE-2 data sets and 7.02 and 4.56 km for two
MAGSAT data sets. This filter’s maximum position error for one
Qrsted data set is 59.50 km. This large error is mainly due to errors
in the a priori Earth magnetic field model. Another @rsted data set
yields a 9.09-km maximum position error largely because it was
given a better a priori field model.

The performance of the batch filter with Earth’s magnetic field
model correctionsvaries slightly among the different S/C. This filter
augments the magnetometer data with sun-sensor data to make the

field model correctionsobservable. The addition of field model cor-
rectionsdoesnotmake significantimprovementsin the case of DE-2,
and the additionof high-ordercorrectionsslightly degradesthe DE-2
position estimation accuracy. The performance with MAGSAT data
improves by as much as a factor of two with lower-order/degree
corrections. Higher-order corrections also maintain low position er-
rors for MAGSAT. @rsted data shows the most benefit from the
estimation of field model corrections. In one case, the peak posi-
tion estimation errors are decreased from 59.50 km, when no field
model correctionsare estimated, down to 2.19 km when corrections
up to 10th-degree/order are estimated. In a case with a better a priori
Earth magnetic field model, the improvements due to the estimation
of field model corrections are less dramatic. The general trends of
the MAGSAT and @rsted results suggest that it would be wise to
include field model corrections up to order and degree six if there
is any significant uncertainty in the a priori Earth’s magnetic field.
The DE-2 resultsimply that the estimationof field model corrections
will not work as well if there are long gaps in the magnetometer or
sun-sensor data.

The predicted accuracy from the consider-covariance analysis
and orbit overlap tests is consistent with the actual maximum posi-
tion errors. Therefore, these metrics can be used to check the orbit
solutionaccuracy autonomouslyand to determine areasonable max-
imum order/degree of the field model corrections.

The uniquenessand realism of the corrected magnetic field model
has been tested using an Grsted data set measured on January 2000.
The corrected field model is unique for 10th-orderdegree field
model corrections regardless of the a priori field model. Estima-
tion of corrections to a propagated 1995 IGRF field model using
data from January 2000 reduces the rms value of the magnitude of
field vector differences from the 2000 IGRF field model. The rms
difference is 95.87 nT before the field corrections, but it is only
31.72nT after one applies the filter’s estimated field model correc-
tions. This shows that the field model correcting orbit determination
filter produces realistic field model perturbations.
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