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ABSTRACT

The accuracy of estimating solar radiation pressure for
GEO debris is examined and demonstrated, via
numerical simulations, by fitting a batch (monthu)
simulated position vectors. These simulated pasitio
vectors are generated from a “truth orbit” with edd
white noise using high-precision numerical inteigrat
tools. After the long-arc fit of the simulated
observations (position vectors), one can accuraety
reliably determine how close the estimated value of
solar radiation pressure is to the truth. Resultthis
study show that the inherent accuracy in estimating the
solar radiation pressure coefficient can be as gamd
1% if a long-arc fit span up to 180 days is used te
satellite is not tumbling. The corresponding positi
prediction accuracy can be as good as, in maximum
error, 1 km along in-track, 0.3 km along radial dhd

km along cross-track up to 30 days. Similar acdesac
can be expected when the object is tumbling as long as
the rate of attitude change is different from thbito
rate. Results of this study reveal an important
phenomenon that the solar radiation pressure
significantly affects the orbit motion when therspate

is equal to the orbit rate.

NOMENCLATURE

GEO = geosynchronous Earth orbit

TLE = two-line elements

Cr = index of surface reflection of the spacecraft
0<g<2)

A/m = area-to-mass ratio of the spacecraft (prefct

area normal to Sun’s ray)

k = dimensionless coefficient of the sine term

G = spin rate of the debris object

ECI = Earth centered inertial coordinates

UD = upper diagonal factorization, an efficient
algorithm for computing a covariance

1. INTRODUCTION

Results of a recent study [1] show that the solar
radiation pressure effect of a geosynchronous Earth
orbit (GEO) debris object can be estimated bynfitta
long-arc (months) of the two-line elements (TLE}ada
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determined from the U.S. Air Force Space Command
[2]. As a result, the long-term orbit predictioncatacy

can be significantly improved with potential positi
accuracy considerably better than the TLE data noise
(10 km). To prove the above potential improvement i
orbit prediction accuracy, a well determined GEO or
super  synchronous orbit using independent
measurements is needed. However, the accurate
ephemerides determined from ranging data for mbst o
the operational GEO spacecraft are corrupted by
periodical stationkeeping maneuvers and the daily
momentum wheel dumping. The ephemerides for GEO
debris with accuracy better than the TLE data are n
available due to primarily the poor understandinghe
tumbling motion of an inactive space object.

The purpose of this study is to examine and
demonstrate, via numerical simulations, the inheren
accuracy of estimating the solar radiation pressure
coefficient (G*A/m) by fitting a batch (months) of
simulated position vectors. The solar radiatiorspuee
coefficient is defined, similar to the ballisticeféicient,

as the product of the index of the surface reftectik,
and the area-to-mass ratio, A/m, of the space bbjec
These simulated position vectors are generated om
“truth orbit” with added white noise using high-
precision numerical integration tools speciallyigeed

for this study. After the long-arc (months) fit die
simulated observations (position vectors), one can
accurately and reliably determine how close the
estimated value of €A/m is to the truth. In the same
orbit determination solution, one can also evaluh&e
accuracy of orbit prediction by comparing the pceeti
orbit with the truth orbit. In this analysis, thiitade or
tumbling motion of the debris object is also sinbedhin
order to understand the effect on estimating tHarso
radiation pressure.

2. DATA GENERATION AND COMPUTATION

To verify the prediction accuracy of this systenngsa
numerically generated truth model with simulatetada
noise similar to that of the TLE data, we impleneeht
the following procedure:



1) Use the high-precision numerical
integration to create a “truth orbit” with
perturbing forces: a 12x12 EGM/WGS84
Earth gravity, luni-solar attractions, and
solar radiation pressure effects (flat plate).
Generate similar TLE data (position
vectors) from the truth orbit by adding
random noise to the simulated data.
Perform long-arc fit to the above data with
a batch least squares method using an
efficient UD (Upper Diagonal) filter [3].
Evaluate the accuracy of the estimated
constant  solar radiation  pressure
coefficient by comparing with the truth.
Demonstrate the improved ephemeris
accuracy of long-term prediction by
comparing the predicted orbit with the
“truth orbit” with no noise.

2)

3)

4)

5)

The above procedure is then repeated with a siguilat

attitude motion, or tumbling, of the debris objdatthis
study, a simplified sinusoidal variation of theesffive

area normal to the Sun’s rays is assumed. The area-to-

mass ratio is assumed to be:

A/m = (A/my*[1 + k*sin(G*T)] 1)
where (A/my is the constant initial value of area-to-
mass ratio. The factor k is the coefficient of #ire
term (k <1), and G is the rate of change or spie

the debris object. T is time in the same units a#t &
believed that when a communication satellite become
inactive after it is disposed, the spacecraft tends to
gradually spin up due to the small angular momentum
increase caused by solar radiation torque [4]. Hewne

no study has been done in understanding the long-te
attitude motion of an inactive spacecraft with &asplar
arrays. In this paper, several values of k and & ar
assumed to understand the effects due to the iceriat

the solar radiation coefficient. The index of sada
reflection, &, is assumed to be a constant value of 1.3
for all cases of the simulations.

3. DATA PREPARATION AND TOOLS

A special tool RK78R is coded in FORTRAN on PC for
generating the simulated observations (positiortorec

in ECI reference frame) with user specified random
noise. RK78R is modified from an in-house orbit
propagator for orbit integration using the “7/8rder
Runge-Kutta integrator (RK78) developed by NASA
(Fehlberg). The second tool FITGEO7, which was used
in a parallel study [1] for the differential cortems of
TLE generated observations, is used here for dittire
simulated data. FITGEO7 estimates seven parameters:
six states at epoch and the constant solar radiatio
coefficient (G*A/m), using a simple batch- least-
squares UD filter [3]. The numerical precision afttp

tools (RK78R and FITGEO7) have been verified agains
an independent high-precision orbit propagator TEAC

[5].

The “truth orbit” generated by RK78R can eitherdre
orbit with a constant SRP coefficient or an orbithw
simulated tumbling motion following Eg. 1. In thanse
time, assumed data noises are added to the cl&&n or
with a random number generator. The data noises are
added to the first 30 to 150 days of the orbitgndgion.
The remaining span of 30 to 50 days is the “truthitd
without noise and will be used to compute the
deviations in the prediction span. The computai®n
performed by FITGEO?7 after the differential coriens
process is converged.

4. RESULTS AND DISCUSSION
4.1.

In the first group of simulations, no tumbling effe are
considered. Three cases are assumed to reflect the
differences in initial orbit conditions. Case Alsamses

an orbit with small eccentricity and inclination.§002

and 0.05 deg) and a Sun-pointing condition; Case A2
has increased values in eccentricity and inclimatio
(0.002 and 5.0 deg) and an approximate Sun-pointing
condition; Case A3 has higher values in both
eccentricity and inclination (0.003 and 15 deg)hwib
Sun-pointing condition. These three cases try to
simulate the GEO disposal orbits at three stagaseC
Al at a few days after disposal maneuvers, Casat/A2

to 6 years after disposal, and Case A3 at about 25 years
after disposal. All three cases have a mean oltiiitde

of 300 km above GEO. The constant area-to-magssrati
in the truth orbit are 0.035 #kg for Case Al, 0.030
m?kg for Case A2 and 0.025%kg for Case A3. A
white data noise of 10 km (1 sigma) similar to tb&t
the TLE data is added to the clean data generabed f
the truth orbit. The assumed data noise along tbe E
coordinates has the distribution of 6.85 km alorans

y components and 1.5 km along the z component.

No Tumbling Effects

Figure 1 gives an example of a 60-day fit with the
assumed data noise. The position errors in thaqiieal
span of 40 days are computed from the truth omuit a
are an order of magnitude smaller than the dataenoi
Figure 2 shows the accuracy in estimating the solar
radiation pressure coefficientg®/m, as a function of

fit span. Figures 3 through 5 show the maximumrsrro
from truth in the first 30 days of prediction vesghe fit
span. The results of the first group of simulations
reveal:

1) The error of estimating solar radiation
pressure coefficient decreases to 3% or smaller
when the fit span is longer than 60 days; the



Residuals/Errors, ki

-30
-40

error drops to about 1% or better when the fit
span is 180 days;

2) The 30-day maximum prediction errors in
in-track, radial and cross-track position are,
respectively, 3 km, 1.2 km and 0.3 km when
the fit span is between 60 days and 150 days;
and 1 km, 0.3 km and 0.1 km when the fit span
is 180 days.
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Figure 1 Residuals of a 60-day fit and the 40-day
prediction errors from the truth orbit
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Figure 2 Percentage error of estimated solar radiation
pressure coefficient vs. fit span (no tumbling)
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Figure 3 30-day maximumin-track prediction errors
vs. fit span (no tumbling)
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Figure 4 30-day maximum radial prediction error vs.
fit span (no tumbling)
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Figure5 30-day maximum cross-track prediction error
vs. fit span (no tumbling)

4.2.  With Tumbling Effects

In the second group of simulations, the above three

cases are repeated with simulated tumbling moiibe.

assumed value of k in equation (1) is 0.35, and six

values of G are used for the simulations. Eachevalu

the tumbling rate, G, is repeated for Case Al (Gase

B1) and Case A3 (now Case B3) with two fit spaifs, 6

and 150 days. Results from these 24 cases aratedul

in Table 1 and they reveal:

1) Very large errors were found both in the
estimated solar radiation pressure coefficient as
well as in predicted intrack positions when G is
equal to the orbit rate;

2) The corresponding errors in 1) increased
(from the first group) only slightly, by about
50%, when G is either twice or half of the orbit
rate;

3) For Case B3, when the G value is set at one
revolution per 120 days, the 30-day maximum
in-track error has increased to 7 km and the
radial error has increased to about 4 km. The
error in estimated value of solar radiation
pressure is also increased slightly;

4) The cross-track error in 3) is not affected by
the rate of tumbling motion and stays at 0.4
km.

It is encouraging to note that the maximum devietio
along the radial, intrack and cross-track remaialsas
long as the spinning rate of the spacecraft is faster than
the orbit rate. In other words, the long-arc (1%93dfit

of TLE data has the potential of providing accurate
position predictions (better than 0.29 km in radial 7
km in intrack and 0.11 in cross-track) up to 30 sday
Based on theory, it is more likely that the sokdiation
pressure torque will cause the spin rate of antivec
spacecraft or space object to remain faster thait or
rate. It is hoped that the findings of this repuwiitl
prompt the study of measuring or determining thie sp
rate of an inactive GEO spacecraft via radar oicapt
observations.

Table 1 Maximum deviations in km along radial/@uk/cross-track vs. tumbling rates

Tumbling Rate 60-day fit 60-day fit 150-day fit (Case| 150-day fit (Case
(Period, day) (Case B1) (Case B3) B1) B3)
Y% 0.99/3.4/0.12 0.59/1.57/0.4 0.12/0.81/0.11 0.29/1.17/0.11
1 5.9/427/0.32 1.8/194/0.6 9.7/143/0.65 16.2/143/10.
2 0.77/3.80/0.19 0.6/1.4/0.4 0.22/1.31/0.12 0.26/0.82/0.22
10 1.24/3.5/0.04 1.04/2.23/0.23 0.33/1.6/0.12 0.5%/0.13
30 0.95/3.1/0.04 1.04/2.68/0.23 0.79/3.3/0.06 0.4%/0.10
120 5.7/15.2/0.08 3.8/7.2/0.4 3.1/7.2/0.17 2.2/6.2/0.44

4.3.  Tumbling at Orbit Rate

To better understand the significant effect of sola
radiation pressure when spin rate is equal to cdbé,
the intrack deviations at three different valueskdre
generated and plotted in Figure 6. The intrack
deviations are the differences between the trutiit or
generated from RK78R with tumbling effect and the
predicted orbit generated from FITGEO7 with the sam
initial state and solar radiation pressure coefiti
before differential corrections. The deviation fees
450 km after 30 days with the k value equal todh8

there is no noise added to the data. These noarline
decreases in intrack motion caused by tumbling deem
suggest that the semi-major axis of the orbit &lgally
pushed up due to a deep resonance. After diffedenti
corrections, the residual errors of the 30-dayditow
parabolic curves depending on the value of k asvsho
in Figure 7. Figure 8 shows the after-fit residuaisa
150-day fit (Case B1) with tumbling rate equal tbib
rate and simulated data noise. The large sinusoidal
signature of the intrack deviations is believedb®
induced by the resonance with the orbit mean motion
The cross-track residuals seem to be least effemyed



the tumbling motion. The estimated values of the
constant solar radiation pressure are quite diftirem

the initially assumed values before the differdntia
corrections. This insightful finding leads to a clusion
that none of the three actual GEO debris objects
examined in the recent study by Chao and Campbgll
has a spin rate equal to or near the orbit rate.
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Figure 6. Intrack deviations caused by tumbling at
different values of k when tumbling rateis orbit rate (no
noise and no fit)
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Figure 7. Intrack deviations from truth when tumbling
rate isorbit rate (after fit, no noise)
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Figure 8. Post-fit residuals of a 150-day fit (Case B1)
with tumbling rate = 1/day

5. CONCLUSIONS

Based on the interesting findings of this studye th
inherent accuracy in estimating the solar radiation
pressure coefficient can be as good as 1% if a-éoog

fit span up to 180 days is used and the sateéiteoi
tumbling. The corresponding prediction accuracy loan
as good as, in maximum error, 1 km along in-tr&cR,
km along radial and 0.1 km along cross-track ufQ@o
days. Similar accuracies can be expected when the
object is tumbling as long as the rate of attitadange

is different from the orbit rate. Results of thisidy
reveal an important phenomenon that the solar tiadia
pressure significantly affects the orbit motion whhe
spin rate is equal to the orbit rate. An analytical
investigation of the equations of motion to better
understand the resonance effect is being conducted.

The results of this study further enhance the figdiof
the recent study [1] that the long-arc fit of TLEta can
significantly improve the long-term orbit prediatio
accuracy of GEO debris objects. It is hoped that th
findings of this study using simulated data and the
recent study [1] using TLE data can stimulate ggéein

the investigation of the uncontrolled attitude rontdf a
GEO or super-GEO object in order to better accéamt
tumbling in ephemeris prediction. The attitude moti
may be determined through independent measurements,
such as radar or optical observations.
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