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This paper presents a near-Earth (less than 1000 km altitude) satellite autonomous navigation and orbit deter-
mination method using measurements of the Earth magnetic field. An orbit state vector comprised of six Keplerian
elements enables the estimation of the instantaneous orbital elements by a relatively simple extended Kalman
filter algorithm. The satellite position and velocity are computed as a function of the estimated orbital elements.
Several algorithms were developed. The basic algorithm uses a "measurement" of the magnetic field magnitude.
Consequently, this algorithm is independent of attitude information. Simulation tests yielded accurate Keplerian
element estimation and a few kilometers of position estimation error. More complicated algorithms that estimate
drag and/or utilize attitude information were tested. The basic algorithm was successfully applied to real Earth
Radiation Budget Satellite data, and a modified version of this algorithm was applied to Gamma Ray Observatory
magnetometer readings to yield estimates of the orbital elements and the position and velocity. In both cases of
real satellite navigation, the position was estimated within a few tens of kilometers.

I. Introduction

SATELLITE orbit determination and navigation problems have
been investigated for the last three decades. As a result of the

improvement obtained in computation and estimation methods of
orbit dynamic models and, mainly, in the improvement of measuring
systems, it is possible, today, to identify satellite position with high
accuracy. Position determination error of a few meters or better can
be reached, but reliance on ground tracking stations or the Global
Positioning System (GPS) is necessary.

The rapid development of onboard computers in the last 15 years
(which has resulted in increased computation power and flexibility
together with reduced hardware dimension and weight) has con-
tributed to an increased interest in autonomous satellite operation.
Considering the expected growth of space "traffic" in the future,
satellite autonomy is an important factor in decreasing operation
costs. From the military standpoint, it facilitates operation in a hos-
tile EM environment, when jamming or danger of discovery exist.
Since the 1960s, a variety of autonomous navigation systems, rang-
ing from navigation by Earth landmarks to celestial navigation, have
been proposed and explored.{ The predicted accuracy of these sys-
tems, ranging from 100 m to a few kilometers, can be adequate for
civilian satellites. Military accuracy requirements, however, such
as those of the Strategic Defense Initiative (SDI), are more severe.
These accuracies can be achieved using the Global Positioning Sys-
tem (GPS), but this method of navigation is semi autonomous be-
cause it depends on communication with other satellites.

In the last three years, a new method for autonomous naviga-
tion using magnetometer data has been investigated. This method is
based on the fact that Earth's magnetic field is a fairly well-modeled
field whose intensity and direction are functions of position. The
yearly variations can be accounted for to a reasonable degree of ac-
curacy. Since position and velocity are functions of low-Earth-orbit
(LEO) elements, it is possible to estimate those elements that are
observable by applying an extended Kalman filter (EKF) to effective
measurements, defined as the difference between the measured and
estimated magnetic field data. The estimated magnetic field is com-
puted as a function of the estimated position. This is possible since
this field is a function of position. This function is known quite well.
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It is called the International Geomagnetic Reference Field (IGRF)
model. Results obtained with simulated2'3 and real4 data have been
reported. The algorithm of Ref. 4, for example, employed the square
root information filter (SRIF) implementation of the EKF using a
nine-element state vector. The state vector included the velocity
magnitude and direction, the position in spherical coordinates, and
aerodynamic coefficients. Position accuracy of a few kilometers has
been achieved with simulated data and with data from the Magnetic
Field Satellite (MAGSAT). However, as pointed out by the authors,
the high accuracy achieved with MAGSAT data was atypical.4 In
order to overcome the considerable measurement disturbance in
satellites other than MAGSAT, a batch least-squares filter was de-
veloped in Ref. 4 that estimates orbital Keplerian-type elements
and the magnetometer biases. As reported in Ref. 4, tests of the
batch algorithm with data obtained from the Dynamics Explorer-2
spacecraft resulted in position accuracies of 18 km and better. Peak
errors of 125 km were obtained from the application of the batch
algorithm to data from the Low-Power Atmosphere Compensation
Experiment spacecraft.

In this paper we present algorithms for orbit determination
and satellite navigation that yield, in simulations, position estima-
tion accuracy similar to that achieved by simulations in Refs. 2
and 3, with less complexity. Modifications have been made to han-
dle, recursively, significant biases and low-frequency measurement
disturbances encountered when using real satellite data. Position
estimation accuracy of a few tens of kilometers was achieved when
using data measured by magnetometers mounted on ERBS and GRO
satellites.

II. Orbit and Measurement Simulation
The design of an EKF for orbit determination and navigation

started with simulated data. Accordingly, the satellite orbit and noisy
magnetometer measurements were simulated. The orbit simulation
equations were based on Euler's variation-of-parameters method.5
This method yields the reference trajectory expressed by its in-
stantaneous Keplerian elements. The equations included only J2
oblateness and drag terms. The latter have the dominant effect on
near-Earth orbits. It was reasonable not to include other elements
such as J3, sun, and moon effects because the dynamic model of
the filter in our basic navigation algorithm did not include the drag
influence; thus, it is illogical to account for the secondary effects,
mentioned above, which are negligible in comparison with the drag
effect, which was not included in the filter model.

The simulated magnetometer measurements were computed us-
ing the eighth-order 1985 IGRF model.6 This computation generated
the components of the magnetic field vector resolved in the body
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coordinate system. In our simulation, the body axes coincided with
the orbit axes. A zero-mean Gaussian white noise was added to each
component. The simulated measurement noise reflected the dom-
inant disturbance caused by the inaccuracy of the magnetic field
model (sensor bias has not been included in the first stage of the
research).

III. Navigation Algorithm Description
Several algorithms were developed, a basic one and more compli-

cated ones. The latter algorithms were developed in order to examine
the accuracy improvement achieved when unmodeled effects were
estimated and when attitude information was used. The algorithms
are described next.

A. Basic Algorithm
As mentioned before, the orbit dynamic model in the basic filter

algorithm did not include the simulated drag effect. The effect of J2
was used in the propagation of the state estimate but not in the co-
variance propagation. As will be shown, this practice was justified.
In this algorithm "measurement" of the magnetic field vector magni-
tude was used. The advantages of this algorithm are in its simplicity
and in the independence of attitude information. Due to the non-
linearity of the dynamic and measurement equations, an EKF was
used to estimate the satellite orbital elements. The satellite position
and velocity were computed as functions of the estimated orbital
elements.

L State Vector
The filter state vector consisted of the classical six Keplerian

elements:

XT = [a, e, i, £2, a), 0] (1)

where a is the semimajor axis, e is the eccentricity, i is the incli-
nation, £2 is the right ascension of the ascending node, a> is the
argument of perigee, and 0 is the true anomaly.

This state vector selection has three advantages:
1) The state variables (excluding 9) change very little along the

orbit.
2) Since the main part of the dynamics of 9 results from the

central gravity force, the dynamics can be adequately described by
a relatively simple differential equation. This property simplifies the
propagation of the filter covariance matrix.

3) The state vector estimation is an orbit determination process
that produces directly the instantaneous orbital element estimates.

As a result of these qualities, the EKF implementation is rela-
tively simple, reducing the computation complexity and the execu-
tion time.

2. Update Stage
The measurement model is described by the equation

(2)

where N(-) is the norm operator, B is the magnetic field vector
according to the 1985 IGRF model, and Vk is a zero-mean Gaussian
white noise whose variance is rk.

The update equations are7

Xk(+) = Xk(-) + Kh\yk - N(B(Xk(-),

where the gain matrix Kk (6 x 1) is

Kk = Pk(-)HHkPk(-)H

(3)

(4)

The measurement matrix Hk (row matrix in this case) is computed
using the chain rule:

8N(B) dB 3R
dx (5)

where R is the position vector in spherical coordinates. The par-
tial derivatives 3R/3X are computed analytically according to the

spherical geometry relations and 3B/3R according to the magnetic
field model equations (see Ref. 8 for details). The estimation error
covariance matrix is updated as follows:

ft(+) = [/ - KkHk]Pk(-)[I - KkHk}T + KkrkKT
k (6)

3. Propagation Stage
The updated estimate of the state vector, Xk(+), is propagated

from time tk to tk+\ by numerical integration of the continuous non-
linear dynamic equation:

X=f(X) (7)

which includes the J2 effect (as in the simulated orbit) but without
drag influence on the orbit dynamics. (As will be shown, the inclu-
sion of drag unnecessarily complicates the filter when the estimation
of drag is not required).

The updated estimation error covariance matrix is propagated
from time tk to tk+i using

(-) = Ak(Xk(+))Pk(+)Al(Xk(+)) • Qk (8)

where Qk is the process noise covariance matrix (used for tun-
ing purposes) and Ak the transition matrix approximation, which is
computed using a first-order Taylor series expansion:

T (9)

where AT is the time interval between measurements.
The Jacobian Fk(X) is based on the following state equation,

describing an orbit generated by a central force only:

X=g(X)
r 05xi -I

L g6(X) J
+ecos<9)2

where

= 398,600 km

(10a)

(lOb)

(10c)

is the Earth gravitational parameter. Using this model, the Jacobian
calculations were simplified considerably:

Fk(X) =
3X

where

#5x6

^(6,2) 0 0 0

m= -T— = ———ge(X)da a

(6'2) =
Be

F(6,6) =

3e 2 cos 9
— e2 1 4- e cos 9

2e sin 9
l+ecos9

--- (Ha)

(lib)

Lw (lie)

r) (Hd)

4. Filter Divergence
Tests of the basic algorithm with simulated data of a typical near-

Earth orbit resulted in a divergence of the position estimation error
after 25 revolutions (Fig. 1). The EKF divergence is typical of orbit
determination applications.9 This is due to the long time of oper-
ation. In our case the divergence was caused by the error in the
filter dynamic model, which resulted from the omission of the drag
effect that was included in the simulation. During the filter opera-
tion, elements in the covariance matrix became smaller than they
should have been. Consequently, the filter gain was typically not
large enough to assign adequate weight to the innovations. In order
to keep the basic algorithm simple, a lower bound was imposed on
a few elements of the main diagonal in the filter covariance matrix.
Consequently, the filter gain remained large enough and the filter
divergence was eliminated.
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Fig. 1 Divergence of position estimation error (basic algorithm oper-
ating on simulated data).

wI

• "V |il̂ }̂̂ 44 /̂'̂ \' N - •',•$'"' M'iv*y* *y I
o n 20 30 40 so

Revolution

Fig. 2 Average position estimation error (basic algorithm operating on
simulated data).

B. Algorithm with Drag Estimation
In this algorithm a satellite constant drag coefficient was added to

the state vector defined in Eq. (1), and its estimated value was used
in the propagation of the estimated state vector. This algorithm was
developed in order to examine drag coefficient estimation using the
magnetic field measurements and because it gave the best navigation
performance. The latter is a result of the achieved identity between
the design and truth models.7 The calculation of the transition matrix
in this case was more complicated (see Ref. 8). It was based on
the state equation of a central force orbit with only drag effects.
As before, the 72 effect was used in the propagation of the state
estimate, but not in the covariance propagation.

C. Algorithm Using Attitude Information
Satellite attitude is typically estimated on board during its mis-

sion. Attitude information enables state updates using measurement
of the magnetic field vector components. The measurement model
is the sum of zero-mean, Gaussian, white-noise elements and the
components of the magnetic field vector resolved in body axes. The
use of three component measurements complicated the measure-
ment matrix computation (see Ref. 8). As in the basic algorithm,
here too a divergence prevention measure was needed.

IV. Results Obtained with Simulated Orbits
The navigation algorithms were tested with simulated data of

a typical near-Earth orbit. The sensitivity of the basic algorithm
performance in different operational conditions was examined.

A. Results Obtained on Topical Orbit
Simulated data were generated for a typical orbit having a semi-

major axis of 7000 km, eccentricity of 0.05, and 50 deg inclination
angle. The satellite drag ballistic coefficient was assumed to be
50 kg/m2. Measurement noise with 2 mG (200 nT) standard devia-
tion was added to each component of the magnetic field vector. The
sampling time interval was 30 s (194 samplings per revolution).

1. Results of Basic Algorithm
The position estimation error obtained when the basic algorithm

was applied to the typical orbit data is plotted in Fig. 2. The solid
line is the position estimation error averaged over 25 realizations
(using different noise generator seeds). The dotted lines are plotted
at plus and minus the standard deviation of the error signal.

A typical convergence pattern of the estimation error can be ob-
served. In this case of the basic algorithm, the position estimation
error was reduced from an initial value of more than 1000 km to
a level of around 5 km in its steady state. The average estimation
error of the x axis (inertial geocentric) velocity component is plotted
in Fig. 3. Accurate identification of the orbital elements led to this
navigation performance. As an example, the semimajor axis average
estimation error is presented in Fig. 4.

Revolution
Fig. 3 Average estimation error of Vx (basic algorithm operating on
simulated data).
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Fig. 4 Average estimation error of a (basic algorithm operating on
simulated data).

An estimation accuracy of a few hundredths of degrees was ob-
served in the case of the angular orbital elements. The eccentricity
was estimated, yielding an estimation error standard deviation of
0.08% of the real eccentricity.

2. Results ofNonbasic Algorithm
The simulated orbit data, which were generated for the typical or-

bit (defined at the beginning of this section), were used to examine



846 SHORSHI AND BAR-ITZHACK

the influence of drag estimation and use of attitude information on
the resulting estimation accuracies. It was found that the drag coeffi-
cient can be well estimated. The use of this estimated drag coefficient
in the estimated state vector update improved orbit determination
and navigation accuracies only a little. However, when attitude in-
formation was used, considerable reductions of the estimation error
convergence time and level were observed. The average steady-state
position estimation error was around 1.8 km with small dispersions.
The standard deviation of the average velocity estimation error was
less than 0.002 km/s. These remarkable results are due mainly to
the improved accuracy in the estimation of the angular elements.

B. Performance Sensitivity of Basic Algorithm
The influence of the operation conditions on the navigation ac-

curacies was examined using the basic algorithm. It was found that
the filter had a low tuning sensitivity. In higher altitudes (e.g., larger
semimajor axis), the navigation was more accurate, in spite of the
relative weakness of Earth's magnetic field. This was attributed to
the little effect the drag has on the orbit. We observed that the naviga-
tion performance improved with increased inclination angle. This is
so because, in highly inclined orbits, a satellite passes through more
nonsymmetric regions of Earth's magnetic field. This fact enhances
orbit identification using magnetic field measurements.

In cases of very low eccentricity (near-circular) orbits, the navi-
gation accuracies degrade. The reason for this is that in such cases
a) and 9 are unobservable elements. However their sum, which is
what we really need for navigation, is observable.

V. Application to Real Satellite Data
Data obtained from the satellites ERBS and GRO were used to test

the algorithms with real data. In addition to other information, the
data included magnetometer measurements, attitude information,
and satellite position from ground tracking stations. The estimated
orbital elements, as well as position and velocity, were compared
with their best known values in order to obtain an evaluation of the
corresponding estimation errors. It should be noted that, although
these tests were performed off-line on the ground with past data,
these tests do not differ from on-line on-board flight tests and there-
fore should be viewed as such.

A. ERBS Real Data
ERBS (Earth Radiation Budget Satellite) was launched in October

1984 in order to collect scientific data. The data used in our test were
recorded in November 1986 over two revolutions when the ERBS
orbit had the following approximate characteristics: semimajor axis
of 6975 km, eccentricity of 0.002, and inclination of 56.7 deg. The
data included time, position, the transformation matrix from inertial
geocentric axes to body axes, and three bias-cleaned magnetome-
ter measurements. The disturbance e in the "measurement" of the
magnitude of the magnetic field was computed as follows:

e=N(Bms)-N(B(RmSttmsfi (12)

where Bms is the measured magnetic field vector and Rms and tms
are the ground-station tracked position vector and measured time,
respectively.

Frequency-domain analysis of the resulting disturbance signal
revealed that the disturbance had a white-noise nature suitable for
processing by an EKR However, similar calculations carried out for
the measured magnetic field components (using the attitude infor-
mation) resulted in a nonuniform disturbance signal characteristic.
In addition, malfunctions were observed in one ERBS magnetome-
ter, eliminating the ability of using the algorithms that utilize the
magnetic field components.

Due to the fact that it is impossible to estimate the drag coefficient
over two orbits only, we did not use the algorithm that estimates drag.
Consequently, of the algorithms developed, we could test only the
basic algorithm on ERBS data.

B. Results Obtained with Real ERBS Data
The position estimation error obtained when the basic algorithm

was applied to ERBS data, with 32-s sampling intervals (about 181

Revolution
Fig. 5 Position estimation error (basic algorithm operating on ERBS
data).

samplings per revolution), is plotted in Fig. 5. The total position er-
ror was reduced from a level of 1000 km to 30-40 km in less than two
revolutions. The orbital elements were estimated after less than
one revolution and started to undergo their typical time behavior.
More on ERBS results can be found in Bar-Itzhack and Shorshi.10

The white-noise characteristics of the measurement disturbance en-
abled the successful use of the basic algorithm. Note that there
was no need to limit the covariance decrease in order to check the
divergence occurring due to the exclusion of the drag coefficient
from the filter model. This was so because divergence is expected
to occur only after some 25 revolutions and we had data of only
2 revolutions.

C. Results Obtained with Real GRO Data
The GRO satellite was launched in April 1991. Data recorded

during almost seven revolutions of GRO on April 11, 1991, were
used in our testing. The data included time, position, attitude quater-
nion from inertial geocentric to body axes, and three magnetometer
readings. Some preprocessing of the data was carried out in order to
prepare the data for use by the estimation algorithms. First, the effect
of torquer moments on the magnetometer readings was removed as
follows:

Bms = Brd - CM (13)

where Brd is the vector of magnetometer readings, Bms is the vector
of "magnetometer measurements," C is a matrix of influence coef-
ficients, and M is the vector of torquer moments. Second, in order
to generate a reference for comparison purposes of the estimated
orbital elements, an evaluation of the true elements was carried out
as follows. An evaluation of GRO orbital elements was given by
NASA-Goddard for the initial data point. It included the follow-
ing values: a semimajor axis of 6836.266 km, an eccentricity of
0.0020669, and an inclination of 28.4957 deg. These values were
used as initial values in an orbit simulation. This simulation gen-
erated orbital element time histories that were compared with the
estimated values in order to evaluate the algorithm orbit determina-
tion quality.

As in the case of ERBS data, the magnetic field measurement
disturbances [see Eq. (12)] were computed. The magnitude mea-
surement disturbance as a function of the satellite revolutions is
plotted in Fig. 6, in which considerable bias and low-frequency dis-
turbance can be observed. This could be attributed to magnetometer
error, magnetic field model inaccuracies, and position errors. The
measurement disturbance of each magnetometer was examined too,
yielding similar low-frequency characteristics with the addition of
high-intensity (several milligauss) spikes. In the z-body axis direc-
tion, a bias of 4 mG was observed. It was the dominant contrib-
utor to the magnitude measurement disturbance bias. In order to
obtain reasonable navigation performance, in spite of these consid-
erable measurement disturbances, the algorithms were modified as
described next.
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D. Augmented Navigation Algorithm
The application of the basic navigation algorithm to GRO data

yielded unacceptable position errors that ranged up to 200 km. They
were caused by the considerable measurement disturbance. In order
to improve the estimates, the disturbance signal was analyzed in
the frequency domain. The resulting power spectral density (PSD)
(Fig. 7) curve can be approximated by a descending line starting
from a peak at zero frequency and leveling off at some frequency.
This revealed the presence of a Markov process and a bias in the
disturbance. The frequency at which the descending line levels off
determines the time constant of the Markov process. An adequate
model for the disturbance is shown in Fig. 8, where 77 is a bias com-
ponent, w; is a zero-mean white noise, and T is the correlation time.
The output m represents the disturbance. The model is described
analytically as follows:

d f m l T-l l l T m*Ur r L o o JU +r (14)

This model was added to the system dynamic model; consequently
the augmented state vector Xa was

where X is the state vector defined in Eq. (1). As usual, if m and 77
are observable, the resulting algorithm, which we call an augmented
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Fig. 6 GRO magnetic field magnitude ''measurement" disturbance.
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Fig. 7 Power spectral density of GRO magnetic field magnitude ''mea-
surement" disturbance.

basic algorithm, estimates m and rj in addition to the orbital
elements. The modified measurement model is described by
the equation

(16)

The basic algorithm update equations were modified to include cal-
ibration of the magnetic field magnitude measurement:

Xak(+)=Xak(-) + Kak{yk - [N(B(Xk(-\ tk)) -)]} (17)

where Kak(8 x 1) is computed with the measurement matrix Ha/.
(row matrix in this case):

Hak=[Hk\\ 0] (18)

The propagation of the orbital elements updated estimation, Xk(+),
is the same as in the basic algorithm. The propagation of the esti-
mated states m and rj is as follows:

-) = ( 1 - ̂  )m*(+) + ̂
\ ip / LP

(19a)

(19b)

where AT is the time interval between measurements and Tp the
correlation time (tuning parameter) of the disturbance Markov com-
ponent.

The updated estimation error covariance matrix propagation in-
cludes use of a modified transition matrix approximations:

Aak(Xk(+)) =

02x6

(20)

Fig. 8 Block-diagram representation of disturbance model.

Naturally, the algorithm with attitude information that used mag-
netic field components as measurements was modified too. This
required the addition of three pairs of new state variables to the
state vector AT. Each pair consisted of m and r? for the corresponding
component of the magnetic field measurement.

E. Results Obtained with GRO Data
The application of the augmented navigation algorithms to GRO

real data, yielded acceptable results. The capability of the algo-
rithms to estimate, recursively, high-intensity measurement distur-
bance was proven. (Note that in Ref. 4 only batch filters could handle
the disturbance.) This is shown in the following results.

1. Results of Augmented Basic Algorithm
The position estimation error obtained with an 8.2-s sampling in-

terval (about 687 samplings per revolution) is presented in Fig. 9. A
reduction from an initial value of 1500 km to a level of 100 km after
one revolution of data processing can be seen. In the next revolu-
tions the error signal was oscillatory, with relatively high amplitude.
Toward the sixth revolution the signal characteristics were changed,
and it reached a level of 20-40 km. Accurate velocity estimation was
obtained. The estimation error of the ;c axis (inertial-geocentric) ve-
locity component is plotted in Fig. 10.

The estimated GRO orbital elements are plotted (solid line) in
Figs. 1 la-lie. The reference (dotted line) represents the simulated
elements. Excluding £2, a remarkable orbital element estimation
can be seen after two revolutions. The estimation of £2 is difficult.
Due to the relatively low inclination of GRO orbit, the satellite
stays in a region where a large change in £2 has little effect on
the measured magnetic field magnitude. This stems from the near
dipole characteristics of the magnetic field. Due to the circularity
of the GRO orbit, co and 0 are not observable separately; only their
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Revolution
Fig. 9 Position estimation error (augmented basic algorithm operating
on GRO data).
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Fig. lib Simulation and estimation of e (augmented basic algorithm
operating as GRO data).

Revolution
Fig. 10 Estimation error of Vx (augmented basic algorithm operating
on GRO data).
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Fig. lie Simulation and estimation of i (augmented basic algorithm
operating on GRO data).
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Fig. lla Simulation and estimation of a (augmented basic algorithm
operating on GRO data).

sum is. Therefore only the sum of a> and 9 (known as the argument
of latitude) is presented in Fig. lie.

2. Results of Augmented Algorithm with Attitude Information
Application of the augmented algorithm using attitude informa-

tion resulted in an identification of the disturbance in the magnetic

SSP
T3

Revolution

Fig. lid Simulation and estimation of O (augmented basic algorithm
operating on GRO data).

field component measurement. Consequently, the impressive posi-
tion estimation error presented in Fig. 12 was obtained. In compari-
son with the results of the augmented basic algorithm, a considerable
improvement can be seen in the transient phase. After the third rev-
olution the error stayed within 10-35 km. It seems to be near the
steady-state level of the position error. The main contribution to the
improvement in the position estimation was the better estimation of
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Fig. lie Simulation and estimation of u) + 9 (augmented basic algo-
rithm operating on GRO data).
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Fig. 12 Position estimation error (augmented algorithm with attitude
information operating on GRO data).

g
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Revolution
Fig. 13 Simulation and estimation of H (augmented algorithm with
attitude information operating on GRO data).

£2 obtained with the use of attitude information. This can be seen
from a comparison of Fig. 13 with Fig. lid. (The rest of the orbital
elements were estimated quite early in time.)

VI. Conclusions
Near-Earth orbit determination and satellite navigation can be

performed using measurements of Earth's magnetic field alone. The

method presented in this work has the following advantages: It uti-
lizes magnetometers, which are usually installed on board satel-
lites today anyway for attitude determination, and it is autonomous,
independent of ground support or communication with other
satellites.

The method is based on instantaneous Keplerian orbital element
estimation via the EKF algorithm. Choosing these elements as state
variables simplifies the filter implementation.

The navigation algorithms were tested with simulated and real
data. Tests with real data are equivalent to on-line true flight tests.
The basic navigation algorithm uses a "measurement" of the mag-
netic field magnitude, which is independent of attitude information.
The filter divergence typical of orbit determination problems was
eliminated by imposing a lower bound on some of the diagonal
elements of the filter covariance matrix. Tests with simulated data
resulted in accurate orbital element estimation, yielding around 5
km average position estimation error. Attitude information enabled
filter updates using measurements of the magnetic field vector com-
ponents; in this way three measurements rather than one were used at
the update stage of the filter, reducing the average navigation error to
a level of 1.8 km and shortening the convergence time considerably.
Estimation of the satellite drag coefficient is possible, but the per-
formance improvement is minor in comparison with the increased
algorithm complexity. Application of the basic algorithms to two
revolutions of measured ERBS data resulted in 30-40 km position
error level. When applied to measured GRO data, the basic algorithm
was modified in order to handle, recursively, significant biases and
low-frequency measurement disturbances. State vector augmenta-
tion, which was carried out in order to handle these disturbances,
enabled the estimation of the disturbances, which were modeled as a
biased first-order Markov sequence. This kind of augmentation may
be appropriate to overcome also the significant disturbance that typ-
ically occurs during strong magnetic storms. Although GRO orbit
is near circular and has a relatively low inclination, its orbital ele-
ments were well identified. Position estimation errors between 10
and 35 km were obtained after three revolutions when attitude in-
formation was used. It seems that with the current accuracy level of
Earth's magnetic field model and the use of internal magnetometers,
no better than a few tens of kilometers of navigation errors can be
achieved. The actual potential of the autonomous navigation method
presented in this paper will be determined conclusively only after
additional tests will be carried out with data from more satellites
and for long time spans.

A combination of the algorithms presented here with an algorithm
that performs attitude determination (see, e.g., Ref. 11), using the
same magnetic field measurements, will yield a simple and low-cost
autonomous navigation, orbit, and attitude determination system for
satellites in near-Earth orbits.
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