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Onboard Stationkeeping of Geosynchronous Satellites Using a
Global Positioning System Receiver

C. C. Chao* and H. Bernsteint
The Aerospace Corporation, El Segundo, California, 90009

Many space missions are considering the use of a Global Positioning System (GPS) receiver as a means
of onboard ephemeris determination due to its portability, accuracy, and low cost. A feasibility study of
onboard stationkeeping using a GPS receiver has been performed. This paper describes three strategies
for onboard stationkeeping utilizing onboard GPS measurements. Algorithms are developed and accuracies
of orbit control are assessed based on proposed strategies and covariance analysis. Although this study is
focused on the application to geosynchronous satellites, the same technique applies to other missions with
circular orbits. The innovative strategy of formation keeping a satellite with a fictitious satellite whose
ephemeris is predetermined can significantly improve the long-term prediction accuracy without ground
support. Results of simulations show that the maximum deviations from a predetermined ephemeris range
from less than 0.1 km to 0.3 km dependent on onboard hardware [ software options.

Introduction

HE Global Positioning System (GPS) receiver has become

an attractive means of onboard autonomous ephemeris
determination due to its portability (15 1b), accuracy (20-100m)
and low cost ($100,000-300,000). The cost estimate includes
a space-qualified receiver with antenna design. The actual cost
should come down as the number of users increases. For low-
attitude orbits, instant position determination is possible due to
good visibility to GPS satellites. However, for geosynchronous
satellites, the visibility is limited to a small conical annulus
formed by the main beam skirt outside the GPS-Earth cone.
Ananda and Jorgensen' have indicated that, with a GPS receiver
and a 10-turn helical antenna on board the spacecraft, the
ephemeris of a geostationary satellite can be determined autono-
mously or semi-autonomously with a sequential filter. A recent
paper by Wu et al.? discussed the GPS-based tracking of Earth
satellites from low to geosynchronous orbits. The concept of
onboard stationkeeping using a GPS receiver has not previously
been explored. This concept requires an onboard processor to
monitor and periodically issue commands for stationkeeping
when the ephemeris deviations from a reference, determined
by GPS measurements, exceed the tolerance. For missions
requiring tight orbit control, the concept of onboard stationkeep-
ing using onboard GPS measurements has several advantages.
These advantages are 1) the significant cost savings for greatly
reduced ground operations, 2) the high-accuracy, long-term
ephemeris supplied to the users several months in advance for
improved mission performance, and 3) less dependence on
overseas stations.

This study is focused on the application of this concept to
geosynchronous satellites. The visibility history of GPS satel-
lites is examined for 24-h orbits with low and high inclinations.
The accuracy of position determination based on the visibility
history and a sequential filter is assessed. Then the onboard
GPS-determined ephemeris with the assessed accuracy is
applied to onboard stationkeeping through three proposed con-
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trol strategies. These strategies can be used for onboard orbit
control for other circular or near-circular orbits at different
altitudes. Control strategies for noncircular orbits were not con-
sidered.

GPS Visibility to Geosynchronous Satellites

It was assumed that the GPS L1 and L2 carrier signals can
be received only when the geosynchronous satellite is within
a conical annulus formed by the downward pointing main beam
skirt of the GPS primary antenna as shown in Fig. 1. At the
GPS satellite, the half-cone angle covering the Earth’s shadow
is about 14 deg. The total half-cone angle to the outer edge of
the conical annulus was 21 deg.

Because of this visibility geometry, four GPS satellites are
never simultaneously observed as is the case for Earth surface
and low-orbiting satellite GPS users. At any measurement time,
there is not enough information to form four independent equa-
tions to solve explicitly for four unknowns (three components
of position plus the receiver clock offset from GPS time). A
sequential filter capable of predicting state vector parameters
to the next measurement time provides an a priori (premeasure-
ment) estimate of navigation parameters and receiver clock
offset, allowing even one GPS measurement to improve on this
a priori. This situation explains why navigation error is sensitive
to the quality of the GPS receiver clock. Since the clock offset
cannot be explicitly solved for, there is greater sensitivity to
its stability.

GEOSYNCHRONOUS
USER

EARTH
SHADOWS
GPS SIGNAL

CONE OF GPS
MAIN BEAM

Fig.1 Geosynchronous user-GPS tracking geometry.
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Covariance Analysis of Onboard GPS Ephemeris
Determination

The navigation error analysis modeled a sequential filter
whose state vector consisted of three position components, three
velocity components, two clock terms (phase and frequency),
and an in-track AV impulse. Errors in unmodeled forces (Earth
gravity, solar radiation, momentum dumps, commanded thrusts)
were taken into account. It turns out that the satellite position
estimation accuracy is relatively insensitive to force model
errors. Measurements are taken every 12 min. A few measure-
ment gaps exist that do not exceed 2 h. The ephemeris prediction
error, caused by force model errors, over these short periods
of time (before a GPS measurement is available to make a
correction) is very small, thus accounting for this relative insen-
sitivity. For this reason, the modeling of gravity and solar radia-
tion pressure was simplified and very conservative. These
modeling errors are 1) 1.0 X 107 m/s?, unmodeled solar pres-
sure acceleration along the sun line; 2) 1.0 X 10~ m/s?, unmod-
eled solar pressure acceleration perpendicular to the sun line;
3) 0.35 X 1077 m/s?, acceleration error due to gravity constant
(very conservative); and 4) 0.44 X 1077 m/s% 1.8 X 107
m/s?, and 1.6 X 107° m/s? radial, in-track, and cross-track
acceleration errors due to gravity harmonics. GPS receiver clock
phase and frequency noise as well as measurement errors
were modeled.

Figure 2 displays the measurements obtained during a 24-h
period and is to be interpreted as follows: Dots are drawn at
the 12-min measurement interval that was used. The zero value
on the ordinate shows those measurement times when there
were no GPS measurements. The positive numbers ranging
from 1 to 21 are index numbers for an optimized constellation
(see Table 1) and show the times when a measurement was
made to these satellites. The negative numbers show the total
number of GPS satellites to which measurements were made
at the time points. The visibility pattern repeats daily with minor
variations for a given initial relative geometry. Results show
that the visibility pattern varies slightly for different initial
geometry and inclination of geosynchronous orbit.

Navigation error analyses were performed for two receiver
clocks of different quality. These were an atomic reference
having the same order of stability (1 X 107'*) as that on the
GPS satellites and a precision crystal clock (1 X 107" stability).
Also, the analysis included variations in measurement type. In
one case only pseudorange (PR) measurements were used. For
an authorized user able to remove the selective availability
corruption, the ranging error model included a 6-m, 1o error
due to GPS satellite ephemeris and clock broadcast message
errors. The total RSS 1o ranging error due to GPS satellite and
receiver was 7 m, consisting of bias and random components.
An accumulated delta pseudorange measurement with a random
1o error of 1 cm in addition to the pseudorange measurement
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Fig.2 GPS visibility to geosynchronous satellite.

Table 1 GPS trajectory initial conditions

Satellite index Right ascension, deg Mean anomaly, deg

1 30.0 137.0
2 30.0 257.0
3 30.0 17.0
5 90.0 177.0
6 90.0 297.0
7 90.0 57.0
8 150.0 217.0
9 150.0 337.0
10 150.0 97.0
12 210.0 257.0
13 210.0 17.0
14 210.0 137.0
15 270.0 297.0
16 270.0 57.0
17 270.0 177.0
19 330.0 337.0
20 330.0 97.0
21 330.0 217.0
4 30.0 167.0
11 150.0 307.0
18 270.0 87.0

Eccentricity = 0

Semimajor axis = 26559800.0 m
Inclination = 55 deg

Argument of perigee = 0.0 deg

was also examined in a second case. Results are also presented
for an unauthorized user having a (1¢) 36-m ranging error. A
real data analysis by Malys and Holm? showed more optimistic
results for both authorized and unauthorized users.

Figures 3 and 4 display estimation accuracy of navigation
and clock parameters using PR measurements only, for the two
clock models, for an authorized user. Figures 3a and 3b show
the accuracy with which the onboard clock can be synchronized
to GPS time. Figures 3c and 3d show RMS position accuracy.
The disturbance starting at about 8 h is due to the application
of a stationkeeping thrust (modeled as a velocity impulse) at
this time. Some of the choppiness in the plots is due to measure-
ment gaps. Figures 4a-4d display position and velocity lo
component errors in radial, in-track, and cross-track coordinate
systems. The impulsive stationkeeeping velocity impulse uncer-
tainty was modeled to occur in the in-track direction. Figure
4e displays the ability of the estimation algorithm to estimate
the applied velocity impulse. The initial 1o uncertainty of about
0.007 m/s can be reduced significantly.

The addition of the accumulated delta pseudorange measure-
ment with measurements occurring every 1.5 min may lead to
a significant improvement in navigation accuracy. Average rms
position error using the atomic standard was below 10 m. How-
ever, this new data type needs further investigation, and it was
not included in this analysis. The results presented are for low-
inclination orbits (i = 0.5 deg). High-inclination orbits (i =
70 deg) showed slight improvement in navigation accuracy
probably due to slightly better visibility.

Results for the unauthorized user are shown in Figs. 5a-5d.
Figure 5a shows the rms position error. Figures 5b and 5¢ show
the 1o component position and velocity errors. Figure 5d shows
the accuracy with which the onboard clock can be synchronized
to GPS time. Note that the clock offset estimate is still con-
verging.

Strategies of Onboard Stationkeeping

Three stationkeeping strategies for onboard orbit control are
considered in this analysis. The first two strategies are designed
for controlling the in-track motion or geographic longitude of
a satellite, whereas the last strategy controls the satellite motion
in three dimensions (in track, radial, and cross track). The
accuracy of onboard GPS navigation is based on the covariance
analysis results described in the previous section with position
and velocity errors shown in Figs. 3c—4d and Table 2. Figures
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Fig. 3 Visibility, clock, and rms position curves.

4e and 4f show the ability of onboard determination in estimat-
ing the AV immediately after a stationkeeping maneuver. The
lo error is 0.001 m/s using a crystal clock or 0.0005 m/s using
an atomic clock. These AV estimation errors are one to two
orders of magnitude smaller than the actual stationkeeping AV,
The uncertainty of the thrusters may vary from 1 to 10%
depending on spacecraft design. In this study, a conservative
15% (30) uncertainty is assumed for the thrusters.

Strategy A: Conventional Approach

This strategy is similar to the conventional longitude sta-
tionkeeping method being used by communication satellites
with one midcourse correction between two successive AV
maneuvers. The time of the midcourse correction will be 1
day after the nominal stationkeeping maneuver. The onboard
sequential estimation can accurately determine the magnitude
of the last AV and thus remove most of the thruster error with
a second trim burn. The prediction of the time and size of the
next stationkeeping maneuver can be accomplished either by
predetermined values stored in the onboard processor or by a
simplified algorithm explained in the Appendix.

A *0.1-deg longitude tolerance was assumed for the conven-
tional approach. Longitude histories with onboard stationkeep-
ing maneuvers were simulated for several values of initial
longitudes using Program GEOSYN.* With a midcourse correc-
tion, the uncertainty of the maneuver can be effectively reduced

from 15% (30) to 2.25% (30). Consequently, the longitude
variation between two regular maneuvers follows closely the
desired longitude history that occupies the entire tolerance band.
The period of autonomy is a function of the rate of deviations
from the desired longitude and the tolerance of the deviation.

Figure 6 shows how a midcourse AV can effectively remove
a 15% undercorrection of a AV applied on day 33. In this case,
the trim burn is performed 1 day after the regular maneuver,
and the longitude histories reveal the 14-day variations due to
lunar perturbations on geosynchronous orbit with high inclina-
tion (i = 70 deg).

For missions requiring inclination control, the previous strat-
egy can be applied in the same procedure. However, the maneu-
ver must be performed at the ascending or descending node
rather than perigee or apogee. Furthermore, the prediction of
inclination variation and stationkeeping AV should be made
with an accurate ephemeris propagator on board the spacecraft.

Strategy B: Stationkeeping with Reduced Tolerance

This strategy is to reduce the current longitude tolerance to a
smaller value or to a limit such that no midcourse AV is required
to satisfy the accuracy requirement. The concept has some simi-
larity with a semi-autonomous stationkeeping strategy pre-
viously reported.® For example, if the mean longitude of a
geosynchronous satellite is controlled to within a reduced toler-
ance of 0.04 deg, the deviations from the desired mean longitude
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Fig.4 Navigation component errors for authorized users.

will always be less than 0.04 deg. The time and magnitude of the
next AV are estimated by the onboard GPS measurements through
asequential filter using the algorithm described in the Appendix.
The advantage of the strategy is that the length of autonomy can
be as long as the time that the onboard GPS receiver provides
accurate measurements. This strategy can include the control of
inclination as well. As a result, a geostationary satellite may be

controlled to within a small box of about 0.04 deg in size without
the need of ground support.

The longitude control tolerance is limited to thruster errors
and the 14-day variations induced by lunar gravitational pertur-
bations. For example, the amplitude of the 14-day variations
is about 0.02 deg at 70 deg inclination as shown in Fig. 6.
Thus, the longitude control tolerance must be increased from
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Fig. 5 Navigation component errors for unauthorized users.
Table 2 GPS onboard determination accuracy*
Authorized user Unauthorized user
Crystal clock, Atomic clock, Atomic clock,
position, m/ velocity, m/s position, m/velocity, m/s position, m/velocity, m/s
In track 100/0.0025 25/0.0008 100/0.0017
Cross track 10/0.005 8/0.0005 28/0.0021
Radial 48/0.0055 12/0.0022 2570.0065

*The numbers in this table are the average 1o values obtained from Figs. 3, 4, and 8.

+0.04 to *+0.08 deg or larger to allow room for the 14-day
variations. However, for geostationary orbits where the 14-
day variations vanish, the longitude tolerance for autonomous
stationkeeping can be further reduced with more accurate thrust-
ers. Figure 7 shows the variations of longitude control time
intervals as a function of longitude tolerance (in kilometers)
and longitude of the satellite. As the tolerance of the mean
longitude is reduced to =2 km, the desired time interval between
stationkeeping maneuvers varies from 5 days at 30°E to 11
days at 70°E, which is near the equilibrium point.

Note that a midcourse maneuver can also be used here 1 day
after the regular maneuver to remove the thruster error. Then,
the tolerance of longitude control may be further reduced to
increase the accuracy of longitude prediction.

Strategy C: An Innovative Formation-Keeping Approach

The formation keeping of two nearby spacecraft with closed-
loop feedback control algorithms has been studied and docu-
mented."® This concept is applied here to formation-keep a
satellite with a fictitious spacecraft whose ephemeris is predeter-
mined as the reference orbit. Taking advantage of the decoupling
in the Clohessey-Wiltshire equations, the controllers for the in-
plane and out-of-plane components are designed separately.
The steady-state control laws are obtained by solving the dis-
crete matrix Ricatti equation. This strategy requires at least
three equally spaced small AV pulses within each orbit period to
control the motion of the satellite according to the control laws.

The Clohessey-Wiltshire equations in a spacecraft-centered
coordinate system are given next with x, y, and z being, respec-
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tively, the in-track, cross-track, and radial deviations from a
reference orbit:

X = 2(1)02 +fx
y=-wiy +f, D
7= 2w¢x + 3wiz + f,

where o, is the orbit mean motion, and f;, f,, and f, are the
three components of the unmodeled spacecraft accelerations,
such as the uncertainties of the Earth gravity harmonics and
solar radiation pressure model. The cost functions for in-plane
and out-of-plane components are

- AV,\E AV, )P
Ji =1Z [x% + x4 * :I
2 L Wy Wy
k=1 (2)

1 - ) A‘/vk :
= — + [—
I3 2 Z I:xk Wy

k=1

where J; is the cost function for in-plane components, and J,
is the cost function for out-of-plane components. The variables
x, and y, are the in-track and cross-track deviations at time k,
respectively; and AVy, AV,, and AV, are the small velocity
changes at time k along in-track, cross-track, and radial direc-
tions.

The discrete state equations are as follows:

Out of plane:

. .
B: N 1] - [C]Bj + [DJ[AV] (3a)

In plane:
X, + 1 Xy
Xk +1 _ X AVx/c
a1 | TN [B][szk] (3b)
z +1 Lk

where matrices A, B, C, and D are the transition matrices
obtained from two-body solutions. The steady-state control laws
are obtained by solving the discrete matrix Ricatti equation
for two maneuver frequencies, three times and four times per
revolution. The results of the control equations are for in-plane
motion at At = 8 h = interval between thrusts

AVy | 1-09354 0.0100 0.0814 1.6303
Av, | | 00814 —02763 —0.8138 —0.8401
Xy
WoXy
Zx
®oZs C))
and at At =6 h
AV, ) | —0.8917  0.0439  0.1096 1.4793
AV, | | 0.1096 —03668 —0.7834 —1.0091
X
WXy
Wy
and for out-of-plane motion at Ar = 8 h
AVy = —0.6073 y, + 0.1549 w,y, ©6)
and at At = 6 h
AV, = —0.6180 y, + 0.0012 woy, @

Three cases of GPS onboard determination accuracy are
assumed in this study. The navigation errors (1) associated
with an authorized user with a crystal and an atomic clock and
an unauthorized user with an atomic clock are shown in Table
2. A series of simulations was generated for two thrusting
frequencies, once every 8 and 6 h based on the assumed statis-
tics. A 15% (30) error is assumed along each of the three
directions of impulsive burns. Figure 8 shows how rapidly the
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position deviations are reduced to within a fraction of a kilome-
ter after 40 h of small orbit control maneuvers (once every 8
h). Figures 9-11 are examples of the histories of deviations
along the radial, in-track, and cross-track directions for a period
of 480 h with feedback control. The errors in GPS navigation
are simulated by random number generators (1o noise with 0
mean). The simulation results are summarized in Table 3. The
maximum deviations from the predetermined reference trajec-
tory depend strongly on the onboard clock performance and
whether it is an authorized user. For authorized user satellites
with an atomic clock, the maximum deviations are very small,
80 m for an 8-h thrusting frequency and 65 m for a 6-h thrusting
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Fig.9 Deviations with feedback control, example 1.
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Fig. 11 Deviations with feedback control, example 3.

frequency. However, the maximum deviations become three to
four times greater when either a crystal clock is used or the
user satellite is unauthorized. Table 3 also shows the AV require-
ments for the orbit control maneuvers. It is interesting to note
that the AV requirements of an authorized user with a crystal
clock are about three times more than the same satellite with
an atomic clock. This is because most of the AV is needed to
correct the error in the GPS measurements, which are driven
by the clock performance. The maximum deviations and AV
requirements associated with an unauthorized user are similar
to that of an authorized user with a crystal clock as shown in
Table 3. The case of an unauthorized user with a crystal clock
is not considered here because the AV requirements may be
too large to be acceptable. The case with an 8-h thrusting rate
and an atomic clock requires the least amount of AV (2.5 m/s).

From an orbital mechanics point of view, the in-track varia-
tions are correlated with the radial variations, and thus the AV
along the radial direction may be eliminated to reduce the
AV expenditure. The control law then becomes for an 8-h
thrusting rate

x
AV, = [—0.9940 0.0775 0.2776 1.8931] Zk

k

4
and for a 6-h thrusting rate
Xy
AV, =[—-09873 0.1129 04513 1.9858] )ZC::
4

The same simulations were repeated with the previous control
laws without thrusting along the radial direction. Results (Table
3) indicate that the AV requirements can be reduced by 20-40%
depending on the type of clock, for the case with one per 8-h
thrusting rate. However, the corresponding maximum position
deviations increase to 220 m using an atomic clock and to 700
m using a crystal clock. For missions with a tight budget on
propellant weight, such a tradeoff is justified.

The previous three stationkeeping strategies using a GPS
receiver reveal the potential of significantly reducing ground
support in the routine maintenance of geosynchronous satellites.
The unique capability of highly accurate, long-term ephemeris
prediction inherent in the formation-keeping approach offers
important applications for future space missions.

Conclusions

A detailed description of the feasibility and inherent accuracy
of onboard orbit control of a geosynchronous satellite using a
GPS receiver has been provided. The additional fuel required
to accurately control the satellite motion to a predetermined
ephemeris is small. The contributions of this technique to the
space community are twofold. First, accurate, long-term satellite
ephemeris predictions become routine and reliable with accura-
cies currently not achievable. As a result, the predetermined
satellite ephemeris can be distributed to the users several months
in advance with assured accuracy. Second, the potential to
largely eliminate ground support means significant cost savings.

Although this analysis is restricted to geosynchronous satel-
lites, the technique can be applied to other missions with near-
circular orbits. In the case of orbits with altitudes lower than
that of GPS, the accuracy of orbit control would improve due to
the favorable visibility to GPS satellites. The important potential
contributions of this innovative technique also encourage the
study of extending its application to orbits with moderate and
large eccentricity.
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Table 3 Maximum deviations of AV requirements for orbit control

Authorized user Unauthorized user

Thrusting Thrusting Maximum AV requirement/ Maximum AV requirement/
frequency, h components® deviation®, m yrb, m/s deviation, m yr, m/s
6 3 65/260 5.5/13.9 260 129
8 3 80/270 44/11.8 280 9.8
6 2 200/670 427117 350 10.2
8 2 220/700 2571173 510 6.8
*Three components: radial, in track, and cross track; two components: in track and cross track.
*Values associated with atomic clock/values associated with crystal clock.
Appendix: Algorithm for Strategy A 90.08 T ACTUAL TARGET OF LoNGITUDE BAND. _]
Stationkeeping methods for geostationary satellites have been B ettt Sy - '*\“ -
studied during the past two decades.'™"? The derivation of the ,/\‘ \
equations for long-term longitude variations can be found in 80.04 - \ / \ /\ L) /\ 7
Refs. 10 and 11. This section describes a very efficient algorithm 2 i \ . ,f Pl \ i
for determining stationkeeping AV and the time of maneuver. = 90,00 [ \ i | ' { [ 1—
This is a useful algorithm for the onboard autonomous sta- =] i- i ” ‘\ [ ! \ | / |
tionkeeping strategies. & k ’ W H \‘ i 1 l_
For a tight longitude tolerance of =0.1 deg or less, a good 3 89.96 J[ {/ k &’ | Y ! |
approximation is that the longitude variations within the nar- - i 1lJ ‘g \] i v {I l‘}
rowband can be represented by the following expression: 89.92 _4 i | —
i et Sl iy Ranhoute tusal Sbwat Sk
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Integrate once to give the longitude drift equation
dn
— =\, + ¢t A2
dr o T € (A2)

Integrate twice to give the longitude deviation from an initial
value at t = 0

SN = Aot + §t2 (A3)

Apply the conditions of an optimum stationkeeping:

dA
Fri (Ada)
and at t = 1,
SN = B\, (A4b)

where ¢, is the midpoint of the time interval between two
successive stationkeeping maneuvers, and 8\, is the maximum
deviation that occurs at #,. Then the two equations can be
obtained after eliminating \o. The combined equations can be
used to solve for the time of the next stationkeeping maneuver,
and then the AV can be determined. However, in practice, the
solutions do not always give satisfactory predictions of AV
due to the influence of other perturbations such as luni-solar
attractions. A small correction term to account for the slow
variation in € is added to the equation as follows:

= ——E 2 _E 3
3\, 5tm =3t (A5)

Solve for ¢, by iteration,

~ TV A6
In = Ve + @3] (A6)

The two small constants € and € can be determined either
analytically from tesseral harmonics (Jy,) and Juni-solar pertur-
bation equations or numerically from longitude variations.

0 40 80 120 160 200 240 280
TIME FROM EPOCH, day

Fig. A1 Longitude time history of geosynchronous satellite with
stationkeeping.

Based on previous experience in using program GEOSYN?
this algorithm has been found to be very effective and accurate
when using the numerical approach. For symmetrical longitude
variations before and after a maneuver, the AV can be deter-
mined with an accuracy around 5% with the following equation:

AV = (2/3)alet,, + (&2)%] (A7)

where a is the orbit semimajor axis.
For nonsymmetrical longitude variations,

AV = Ya ale(t, + t,) + (&2)(# + ;)] (A8)

where ¢,, is the midpoint time of the previous stationkeeping
interval where the maximum deviation is different than the
current value of 8A,. Figure A1 shows an example of longitude
time history with stationkeeping using this algorithm. The well-
behaved variations indicate the accuracy of the previous
method.
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