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ABSTRACT

An investigation of the stability of super-synchronous
disposal orbits using University of Southampton’s
DAMAGE (Debris Analysis and Monitoring
Architecture for the Geosynchronous Environment) is
presented. The DAMAGE orbital propagator was
used to analyse the influence of the initial perigee,
eccentricity, right ascension of ascending node
(RAAN) and argument of perigee, and the initial
lunar RAAN, on the evolution of disposal orbit
perigee over a 200-year period. This propagator
includes perturbations arising from low-order
gravitational harmonics, third-body influences and
solar radiation pressure (SRP). The results of two
sensitivity studies are presented. The first evolved
14,112 disposal orbits with initial perigees at the
minimum altitude suggested by the IADC guideline,
whilst the second study evolved 17,920 disposal
orbits with initial perigees from 42,374 km to 42,464
km. The studies show that the initial perigee and
eccentricity of the disposal orbit are the most
important factors for maintaining the orbit above the
protected region. Some sensitivity to the initial lunar
RAAN, disposal orbit RAAN and argument of
perigee was also found. These findings suggest that
the IADC guideline specifying a preferred initial
perigee is appropriate if it accompanies a guideline
for the initial eccentricity of the disposal orbit.

Copyright © 2003 by the International Astronautical
Federation. All rights reserved.

INTRODUCTION

To reduce the effect of dead satellites on the
operational population, the Inter-Agency Space
Debris Coordination Committee (IADC) has
specified a guideline for the minimum perigee of
geosynchronous disposal orbits for satellites at end-
of-life. To account for third-body (lunisolar)
gravitational effects, the IADC guideline specifies a
graveyard orbit with a minimum perigee altitude 35
km above amanoeuvre corridor (also referred to as
the protected region) that extends 200 km above the
synchronous altitude of 35,786 km (this altitude is
referred to as GEO throughout). Additionally, orbits
at this altitude are also influenced by solar radiation
pressure (SRP) and, consequently, the IADC
guideline for minimum perigee contains allowances
for perturbations induced by SRP as well, as shown
in Figure 1. In this Figure the operational region is
defined as GEO * 35 km. The IADC guideline for
minimum perigee is

AH = 235+1000:r( nﬂ @)

whereAH is the new perigee altitude above GEO,
is the satellite average cross-sectional avkds the
satellite mass andC, is the radiation pressure
coefficient.

Debris environment models have been used
to investigate the effect of this mitigation apptoa
on the long-term collision risk in the geostatignar
ring'. In addition, studies by ChobofovChad,
Lewis et al.* and others haviavestigated the long-
term stability of super-synchronous disposal orbits



using a variety of propagation
sensitivity studies.
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Figure 1. Schematic showing re-orbiting regions
corresponding to the current IADC guideline.

Choboto¥ carried out long-term numerical
integration (up to 42 years) and found tiieoider,
nearly-resonant perturbation for circular orbits at
GEO+150 km to result in a maximum radial
excursion of about 2.31 km, due almost entirely to
the lowest order tesseral harmonig,. J In-plane
motion results mostly from solar radiation pressure
However, perturbations in eccentricity due to
lunisolar  gravitational attractions were not
considered. Chobotov concluded that the long-term
stability of super-synchronous orbits was adequate
for disposal purposes.

Chad identified three key objectives of his
approach: first to understand the long-term vanieti
in semi-major axis and eccentricity through anebfti
expansions and approximations, second to perform
long-term integration with both numerical and semi-
analytical propagators of super-synchronous otlgts
to 100 years, and third to base his conclusionthen
results of both the analytic expressions and tre 10
year propagations. Examination of the analytic
expansions showed that long-term eccentricity
variations caused by lunisolar perturbations might
have significant amplitude; also, variations in
eccentricity might be dependent on epoch, initial
eccentricity, RAAN and argument of perigee. Two
independent orbit propagation tools were usedter t
numerical integration: one based on the high-
precision semi-analytic orbit propagator developed
by Draper Laboratory and the other using Cowell’s
method with automatic error control in tmebody
integration of satellite orbits. Chao used the
following force models and initial conditions:

Perturbing forces:
* 8 by 8 WGS 84 Earth gravity model
*  Sun/Moon gravitational attractions
» Solar radiation pressure
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Initial orbit conditions:

» Two epochs: 18 October 1998 and 1 January
2004

«  Five orbit altitudes: GEO+50 km, GEO+100
km, GEO+150 km, GEO+250 km, and
GEO+350 km

» Three initial eccentricities: 0.00065, 0.0035,
and 0.0065

» Initial argument of perigee: 0, 90, 180, and
252.223 degrees

» Initial RAAN: 90, 180, and 279.999 degrees

+ Initial inclination: 2.66950 and 4.66950
degrees

» Four surface areas for the same spacecraft
mass of 2000 kg: 1863118.6 i, 9.3 nf,
and 4.6 A [A/m = 0.093, 0.0093, 0.00465,
and 0.0023 fikg]

Chao concluded that the disposal orbits were
stable; both analytical and numerical results sldowe
that long-term eccentricity variations are well-
behaved sinusoids with no secular changes. The
amplitude of the sinusoidal variations is proparéb
to initial eccentricity and has some dependence on
initial argument of perigee, RAAN and epoch. Ten to
12 year periodic eccentricity variations are thaulte
of Sun/Moon gravitational attractions, while annual
variations in eccentricity are due to solar radiati
pressure and have an amplitude that depends on area
to-mass ratio.

Lewis et al.* used the DAMAGE propagator
to investigate the effect of initial perigee and
eccentricity on the long-term (500 years) stabitify
super-synchronous disposal orbits. This study
established a dependence on initial eccentricity an
found that even for disposal orbits with an initial
perigee determined using the IADC guideline the
long-term stability was uncertain.

The role of mitigation in controlling the
growth of the debris environment in the
geosynchronous orbital region was also investigated
by Martinet al.® in a long-term evolution of the GEO
population using DELTA. This work demonstrated
that the removal of mass from the operational regio
using re-orbit manoeuvres was the optimal mitigatio
method available at geostationary altitudes.
Additionally, Martinet al. found that the orbits of re-
orbited objects should be kept as near to circatar
possible. In their study, increasing the eccertyriaf
disposal orbits caused them to evolve into the
operational GEO region.

Following this previous work, we
investigate the suitability of the IADC disposabibr
guideline and present a new, high resolution aiglys
of disposal orbit scenarios using the DAMAGE
propagator. Two sensitivity studies, each varying



initial values of eccentricity, RAAN, argument of

perigee and lunar RAAN (which is dependent upon
epoch), were performed in order to gain a better
understanding of their influence on the evolutidn o

perigee.

LONG-TERM ORBITAL PROPAGATION

The University of Southampton’s DAMAGE model
is a long-term space debris environment model valid
for Earth orbits between 120 km and super-GEO
(GEO + 2,000 km) altitudes. Rather than being an
extension of an existing low Earth orbit model,
DAMAGE is a new analysis tool dedicated to
overcoming the challenges of modelling the GEO
environment.
DAMAGE incorporates a semi-analytical

orbital propagator that determines the rates ofigha
in the classical orbital elemerdse, i, & @ arising
from perturbations induced by the Earth gravitalon
harmonic§ SRP and lunisolar gravitational
attractiof. Of particular interest to this study were
changes in semi-major axis and eccentricity, asethe
values define the perigee.

The resonant part of thi, harmonic produces
an oscillation in semi-major axis for near-
synchronous orbits

da _ R)’ . 5 ,.13,
dt__snan'z(a) (1+ cosi) (1—2e +26¢ @

xsin2(w+ M+Q-A4,, —g)

whereR is the mean equatorial radius of the Earth,
A2 is the stable longitudeJ,, is the constant
associated with the 2,2 sectorial harmonic gnigd
the Greenwich sidereal angle. Chaeported a 900-
day variation in semi-major axis of a GEO satellite
with an amplitude of about 30 km induced by
resonant effects of the tesseral harmonics. In
contrast, semi-major axis variations for a GEO+350
km orbit were reported to be 0.7 km due to the
shallower resonant effects. Whilst tlig, harmonic
was modelled in the sensitivity study presentee her
it was not expected to have a significant impact on
the perigee variation of disposal orbits, in linghw
Chagd.

As mentioned previously, the main effect of
SRP is to induce an annual oscillation in
eccentricity,
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whereS andT are direction cosines of the radiation
pressure forcel, per unit mass along the satellite’s
radius vector and perpendicular to the radius vecto
in the orbital plane respectively. The spacecraft's
moves in sunlight from eccentric anomdy to E,
with mean motionpn. Choboto¥ noted the maximum
cyclical perigee variation was about 24 km/yr for a
spacecraft withA/M of 0.0136 rilkg, eccentricity of
0.001, RAAN of 222 degrees and coefficient of
reflection of 0.9.

Lunisolar gravitational attraction also causes
significant changes in eccentricity,

de _ 15KefL-e? )z | ABCOS2Y

dt 2n

)
—%(A2 - Bz)sinZaJ

whereK is a gravitational constant of the disturbing
body, andA, andB are the direction cosines of the
radius vector to the disturbing body referred te th
geocentric axes through the ascending node of the
satellite, through the apex of the orbit and nortoal
the orbit respectivefy

QinetiQ’s Debris Environment Long-Term
Orbit Propagator (DELTOP) is also a semi-analytical
propagator, and, with the exception of perturbation
due to tesseral harmonics, the rates of change of
orbital elements are determined using the same
theoretical sources as the DAMAGE propagator. A
comparison of the perigee-history of six disposal
orbits evolved by DAMAGE and DELTOP indicated
good agreement between the two propagators. Figure
2 shows the perigee history for a disposal orbihwi
initial parameters as in Table 1.

Table 1. Initial parameters of disposal orbit used for
propagator validation

a 42464.12 km
e 0.005

i 0.04 degrees
w 60 degrees
0 0 degrees
AIM 0.01 nf/kg
Cr 1.2
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Figure 2. Two hundred-year orbital propagator
comparison.

QinetiQ’'s Orbit Software Suite (OSS)
consists of a number of orbit propagators andtyitili
routines that have been developed over the last
quarter century to help control the UK's Skyneteser
of geosynchronous satellites. It has been validated
operationally over this period and is used on & dai
basis for outputs such as antenna pointing angles,
burn prediction and eclipse prediction. The OSS
employs a multi-step integration algorithm (8therd
Gauss Jackson), has an operational accuracy of
metres and models the following perturbations:

* Geopotential (to 5th order)

» Earth axis precession

* Lunar and solar gravity

e Solar radiation pressure (including Earth
shadow effects)

» Atmospheric drag.

The OSS provided an important benchmark
for the DAMAGE propagator used in this sensitivity
study. The thirty-year perigee history of the disgdo
orbit in Table 1 produced by the OSS is compared
with the perigee histories produced by DAMAGE
and DELTOP in Figure 3.
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Figure 3. Thirty-year orbital propagator comparison

Figure 3 shows with greater resolution the
good agreement between DELTOP and DAMAGE.
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All three propagators capture the amplitude and
frequency of the annual variation caused by SRR wit
only small, high frequency differences being
apparent. However, the long-period changes due to
lunisolar gravitational attraction predicted by the
OSS are different to those predicted by DAMAGE
and DELTOP. Figure 3 shows a 50 km amplitude,
~15 year cycle in perigee captured by the OSSishat
not present in the DAMAGE/DELTOP perigee-
history. Choboto¥recorded a ~10 year oscillation in
eccentricity that possibly corresponds with the ©SS
predicted oscillation. The difference between
DAMAGE/DELTOP and the OSS was assumed to
arise from the inclusion of higher order terms for
lunisolar  perturbations in  OSS. However,
investigations are continuing.

DISPOSAL ORBIT SENSITIVITY STUDIES

Disposal orbit characteristics

Two sensitivity studies were performed. The first
evolved 14,112 disposal orbits with initial periges
the minimum altitude suggested by the IADC
guideline (1), whilst the second study evolved 20,9
disposal orbits with initial perigees from 42,37 k
to 42,464 km.

Previous work has predicted that the
maintenance of disposal orbit perigees above the
manoeuvre corridor (protected region) is dependent
on the initial eccentricity, RAAN, argument of
perigee and epoch. The dependence on epoch is
primarily due to the variation in the right ascensof
the ascending node of the moa®,, which oscillates
between approximately —13 and +13 degrees with a
period of about 18.6 years. Figure 4 shows the
change in lunar RAAN versus epoch as an output
from QinetiQ’s OSS ephemeris. The conversion from
lunar RAAN to epoch was made using this data.
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Figure 4. Variation in lunar right ascension of
ascending node versus epoch (output from QinetiQ’s
0SS).
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The range of eccentricity values of satellites
currently in GEO and GEO disposal orbits (GEO +
250 km) was determined using DISCOS data and is
shown in Figure 5 (epoch: 1st September 2003). The
sensitivity studies used a broad range of eccéytric
values that incorporated the current population’s
range at the lower end in an effort to gain a bette
understanding of the influence of higher eccenyrici
values on the perigee evolution of disposal orbits.
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©

Eccentricity

Figure 5. Distribution of eccentricity for satellitesin
GEO disposal orbits (data from DISCOS).

Values of RAAN and argument of perigee
were chosen at regular intervals in the range 0] 3
degrees.

Both sensitivity studies varied initial
eccentricity, RAAN, argument of perigee and epoch,
with the second study also varying initial perigee.
Table 2 details the values used for each variable
parameter in the first sensitivity study and TaBle
has the corresponding values for the second
sensitivity study.

Table 2. Variable parameter values used in first

sensitivity study
e 0.0001, 0.0005, 0.001, 0.005, 0.01, 0.05,
w 0 — 330 degrees in 30 degree steps
Q 0 — 330 degrees in 30 degree steps
Qu -14 — +12 degrees in 2 degree steps
Table 3. Variable parameter values used in second
sensitivity study
perigee 42,374 — 42,464 km in 10 km steps
e 0.0001, 0.001, 0.01, 0.1
w 0 —315 degrees in 45 degree steps
Q 0 — 315 degrees in 45 degree steps
Ou -12 — +12 degrees in 4 degree steps

Reading from Tables 2 and 3 it can be seen
that the first sensitivity study comprised 14,112
disposal orbits (7 eccentricities 12 RAAN x 12
arguments of perigeg 14 epochs) and the second

5
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study comprised 17,920 disposal orbits (4
eccentricitiesx 8 RAAN x 8 arguments of perigee
7 epochs¢ 10 perigees).

The initial values of the remaining orbital
elements and satellite properties were fixed for al
orbits. Appropriate values WM were determined
from the satellites currently in GEO and GEO
disposal orbits using DISCOS data again. The mean
area-to-mass ratio for this current population was
found to be approximately 0.01 2fkg. The
distribution ofA/M for satellites with perigees greater
than GEO + 250 km is shown in Figure 6.

No. Satellites

AM (mkg)

Figure 6. Distribution of area-to-mass for satellitesn
GEO disposal orbits (data from DISCOS).

The initial inclination of the disposal orbits
was assumed to be near to the North-South deadband
limit for a geostationary satellite (0.05 degrees,
would be the case for an end-of-life disposal
scenario. In addition, the reflectivity coefficieriy,
was assumed to have a value of 1.2, which is the
value commonly used within debris environment
models such as DAMAGE. Table 4 details the
values used for the fixed parameters in both
sensitivity studies.

Table 4. Fixed parameter values used in sensitivity

studies
Perigee 42,411 km (study 1 only)
i 0.04 degrees
AM 0.01 nf/kg
Cr 1.2

The fixed and variable initial conditions
were used to generate two launch traffic databases
suitable for DAMAGE. DAMAGE then “launched”
each satellite in the database as the simulation
reached epochs corresponding to the lunar RAAN
values detailed in Tables 2 and 3.



Simulation characteristics

The DAMAGE propagator was used to evolve the
disposal orbits from an initial Modified Julian Day
(MJD) of 52096 (6th July 2001) to an end MJD of
128954 (9th December 2211). The lunar RAAN
ephemeris from QinetiQ’s OSS (Figure 4) was used
to establish these conditions, such that the initia
epoch corresponded to a lunar RAAN of 12 degrees
and the end epoch was set to be 200 years later tha
the epoch at which the lunar RAAN was next at —14
degrees (MJD 55904, or 9th December 2011). The
simulation included seculad,, long-periodJ; and
resonantJ,, gravitational harmonic perturbations,
lunisolar perturbations and SRP effects as degtribe
above.

Information about each disposal orbit in
both sensitivity studies was captured using seven
parameters throughout the simulation and these are
detailed in Table 5. The protected region and
operational region flags were set for a particular
disposal orbit if the perigee decreased below GEO +
200 km and GEO + 35 km, respectively. The
duration spent within the protected and operational
regions represented the accumulated time for which
the perigee was below GEO + 200 km and GEO + 35
km, respectively.

Table 5. Disposal orbit characteristics captured during
simulation

Protected region flag

Operational region flag

Duration within protected region

Duration within operational region

Time of first entry into protected region

Time of first entry into operational region
Minimum perigee achieved during simulation

RESULTS
Initial remarks

The two sensitivity studies were performed on a
desktop PC with an AMD 2600+ processor running
the DAMAGE software. The run-times for the
sensitivity studies were around 60 minutes.

The results below are categorised into
general findings, obtained from the last three
characteristics listed in Table 5, and specificlifigs
that identify the dependence of the protected regio
and operational region flags on the initial orbital
conditions. The results of both sensitivity studies
have been normalised to allow for easy comparison.
This normalisation simply converts from thember
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of satellites to theproportion of satellites with a
particular property. The results originate from the
first sensitivity study, unless indicated otherwise

General characteristics

Figure 7 indicates that the majority of disposdditsr

in study 1, approximately 75%, remained above the
protected region throughout the 200-year simulation
Additionally, about 85% remained above the
operational region. Figure 7 also shows that the
minimum perigees of approximately 60% of the
disposal orbits remained within a few kilometres of
their initial perigee.

Figure 8 shows that approximately 16% of
the satellites in study 1 entered the protecteibmeg
within 10 years with a further 7% following within
20 years. That is, nearly all satellites that exdehe
protected region did so within 20 years. The trind
similar for satellites that entered the operational
region; most did so within 20 years.
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Figure 7. Distribution of minimum perigee.

—— Proportion of satellites entering protected region

- - - Proportion of satellites entering operational region

Proportion of satellites

10 20 30 40 50 60 70 80 % 100 110
Time to entry (years)

Figure 8. Proportion of satellites entering the
protected/operational regions as a function of entry
time.




Sensitivity to initial conditions

Figure 9 highlights the apparent dependency of the
protected/operational region flags on the initial
perigee of the disposal orbit. The curve showrhi t
Figure shows an exponential increase in the
proportion of satellites entering the protectediaeg
as the initial perigee decreases. The Figure skioats
approximately 75% of satellites in initial disposal
orbits with perigees just above the protected regio
(42,374 km) entered this region.

Figure 9 also indicates that increasing the
initial disposal orbits perigees above 42,411 kne (t
IADC guideline for satellites in this study) only
offered a small (5%) improvement in terms of the
proportion of satellites entering the protected and
operational regions. This is because the IADC
guideline puts the initial perigee at the lowertpr
the exponential curve in Figure 9. Further, it lsoa
evident that initial perigee was not a significant
influence on whether the satellite entered the
operational region.

—— Proportion of satellites entering protected region

- - - Proportion of satellites entering operational region
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Figure 9. Proportion of satellites entering the
protected/operational regions as a function of initial
perigee from study 2.

Figure 10 indicates a significant sensitivity
to the initial eccentricity of the disposal orb@rbits
with eccentricities less than 0.005 did not enker t
protected region. Similarly, orbits with eccentiis
less than 0.01 did not enter the operational region
This finding confirms the conclusions reported in
Lewis et al.* and Martinet al.> which suggested that
disposal orbits should be circularised.
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Figure 10. Proportion of satellites entering the
protected/operational regions as a function of initial
eccentricity.
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Figure 11. Proportion of satellites entering the

protected/operational regions as a function of initial
lunar RAAN.

Figure 11 displays a small effect of the
initial lunar RAAN. Satellites disposed at an epoch
when the lunar RAAN is zero or a2 degrees were
slightly more likely (10%) to enter the protected
region than for other lunar RAAN values.

A more detailed analysis of the data
indicated that lunar RAAN played a role only when i
had values of +12 and zero degrees, and the initial
eccentricity of the disposal orbit was 0.1, as show
Figure 12. It should be noted that points showing
both a circle and a star in Figure 12 indicatealaés
other than initial lunar RAAN and initial eccenitic
determine whether the disposal orbits enter the
protected region. This result is of only minor
importance and is provided for completeness, as
earlier work has shown that circularising initial
disposal orbits (i.e. low initial eccentricities) good
practice.
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Figures 13 and 14 show a small influence of
initial RAAN and argument of perigee on the
protected and operational region flags. The schle o
these Figures has been selected to highlight ttte fa
that these influences are minor. However, the aurve
in Figure 13 are sinusoids in RAAN with a maximum
at 180 degrees and a minimum at zero degrees,twhils
the curves in Figure 14 are sinusoids with an
argument of twice the argument of perigee and
maxima at zero and 180 degrees.
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Figure 13. Proportion of satellites entering the
protected/operational regions as a function of initial
satellite RAAN.
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Figure 14. Proportion of satellites entering the
protected/operational regions as a function of initial
argument of perigee.
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The sensitivity of the operational region flag
to initial RAAN and argument of perigee is shown
more clearly in Figure 15.
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Figure 15. Distribution of initial satellite RAAN and
argument of perigee for satellites above the operational
region and satellites within the operational region.

Disposal orbits with initial RAANs and
argument of perigee values that sum approximately t
multiples of 90 degrees remained above the
operational region, whereas other values of RAAN
and argument of perigee resulted in the satellite
entering the operational region. This result ties i
with the analytic, singly averaged expression Far t
rate of change of eccentricity due to the major
perturbationy

‘;—‘: = eK[0.2985in2(w + Q) - 0.038sin(2w + Q). (5)

whereK is a small coefficient due to the third-body
attraction, and the long-term average of the lunar
RAAN is assumed to be zero.

It is important to note that the clear effect of
initial RAAN and argument of perigee for satellites
that entered the operational region was not apparen
for satellites that entered the protected regidms T
may be due to more significant influences, such as
the value of initial eccentricity, hiding this efteof
initial RAAN and argument of perigee.

CONCLUSIONS

The suitability of the IADC guideline for disposal
orbit perigees has been investigated using the
DAMAGE long-term propagator. Two sensitivity
studies were performed, looking specifically at the
influence of initial perigee, eccentricity, RAAN,
argument of perigee and epoch. Large sensitivities
the values of initial perigee and eccentricity were
found, with minor sensitivity to values of RAAN,
argument of perigee and epoch.



The results suggest that the IADC guideline
of GEO plus no less than 235 km for the perigees of
disposal orbits is appropriate if the initial ecraity
of the orbit is less than 0.005. No great benefisw
gained by increasing the initial perigee, but langr
the initial perigee caused an exponential risehim t
proportion of satellites that entered the protected
region.
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