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For the vast majority of geostationary satellites currently in orbit, station keeping activities including orbit determination and 
maneuver planning and execution are ground-directed and dependent on the availability of ground-based satellite control 
personnel and facilities. However, a requirement linked to satellite autonomy and survivability in cases of interrupted ground 
support is often one of the stipulated provisions on the satellite platform design. It is especially important for a geostationary 
military-purposed satellite to remain within its designated orbital window, in order to provide reliable uninterrupted 
telecommunications services, in the absence of ground-based resources due to warfare or other disasters. In this paper we 
investigate factors affecting the robustness of a geostationary satellite’s orbit in terms of the maximum duration the satellite’s 
station keeping window can be maintained without ground intervention. By comparing simulations of orbit evolution, 
given different initial conditions and operations strategies, a variation of parameters study has been performed and we have 
analyzed which factors the duration is most sensitive to. This also provides valuable insights into which factors may be worth 
controlling by a military or civilian geostationary satellite operator. Our simulations show that the most beneficial factor for 
maximizing the time a satellite will remain in the station keeping window is the operational practice of pre-emptively loading 
East-West station keeping maneuvers for automatic execution on board the satellite should ground control capability be lost. 
The second most beneficial factor is using short station keeping maneuver cycle durations.
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1. INTRODUCTION 

The Republic of Korea Government (ROK-G) relies on 

in-orbit resources to meet military telecommunications 

needs. These in-orbit resources include geostationary 

telecommunications satellites which, in order to provide 

effective and interference-free telecommunications services, 

have stringent requirements on their orbit geometry. 

These requirements in turn impose operational activities, 

collectively referred to as station keeping, in order to maintain 

an appropriate orbit geometry:

1. Measuring the orbit (orbit determination).

2.  Planning and execution of station keeping maneuvers 

using on-board propulsion systems in order to counter 

the deterioration of the orbit due to perturbing forces.

These activities are typically orchestrated on a regular 

schedule, known as a station keeping cycle, by staff in the 

satellite operator’s satellite control center. A typical station 

keeping cycle duration is one or two weeks. Dedicated 

telemetry, tracking and control (TTC) Earth station antennas 

are used for orbit determination and satellite commanding. 

The availability and quality of telecommunication services 

utilizing geostationary satellites are clearly dependent 

on the availability of the satellite control center and TTC 

antennas. Recognizing that the availability of such ground-

based resources can be compromised by natural disaster or 
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hostile military activities, we would like to better understand 

how long planned and existing geostationary satellites can 

be expected to provide effective services in the absence 

of ground-based resources. In this paper, we investigate 

one aspect of this question, namely how long it takes for 

a satellite’s orbit to deteriorate to the point where the 

orbit geometry requirements are violated. We investigate 

the sensitivity of this duration to different factors and to 

what extent such factors can be influenced by the satellite 

operator in order to maximize this duration.

A geostationary satellite has an orbit synchronous 

with Earth’s rotation and with shape and orientation 

such that the satellite appears to be nearly fixed in the 

sky as seen from the rotating Earth. The requirements for 

a geostationary satellite’s orbit are normally specified in 

terms of a station keeping window, expressed in terms 

of the geocentric latitude and longitude bounds within 

which the satellite motion must be maintained. For 

telecommunication purposes typical station keeping 

window sizes are 0.1° (± 0.05°) or 0.2° (± 0.1°) in latitude 

and longitude centered about a given longitude on the 

equator. A satellite orbit’s geometry is often expressed by a 

set of orbital parameters; typically six ‘idealized’ parameters 

representing the theoretical motion of the satellite in a 

perfect two-body system consisting of the satellite and 

Earth. For geostationary satellites equinoctial parameters 

are a convenient and popular choice of orbital parameters 

and will be used in this paper. 

Related work includes researches conducted on a 

satellite autonomously performing orbit demonstration 

and executing maneuvers without the need for human 

intervention, in order to get autonomous station keeping 

by means of satellite design and on-board instrumentation 

and algorithms. The subjects of autonomous station keeping 

and related topics have been studied since 1960’s. General 

surveys covering the 1960’s are given by Braga-Illa (1970). 

In Vendy & Plummer (1979) autonomous station keeping 

of a geostationary satellite was presented by including orbit 

determination with data from sun, earth and star sensors. 

A study of on-board autonomous station keeping has been 

performed to investigate how ground systems could be 

affected by on-board autonomy with respect to the tasks of 

repetitive tracking, orbit determination and orbit corrections 

(Leibold & Eckstein 1981). A survey of station keeping 

methods and the perturbation environment in GEO orbit 

was conducted in Shrivastava (1978) and a feasibility study 

on semi-autonomous station keeping of geosynchronous 

satellites for a period of six months, based on predetermined 

longitude variation and maneuver sequences, was also 

performed in Chao (1982). Propagation and station keeping 

of GEO spacecraft with the approach using separate 

maneuvers to control longitude and eccentricity were 

discussed by Chao & Baker (1983). Later, control of both 

longitude and eccentricity with a single maneuver was 

investigated and it was demonstrated that coupling longitude 

control with eccentricity control can result in improved 

longitude errors for autonomous control of geostationary 

spacecraft (Emma & Pernicka 2003). Diverse researches on 

the autonomous station keeping systems have also been 

conducted under the ROK-G support in the development 

of geostationary satellites. Park et al. (2004) improved the 

existing autonomous station keeping system by applying 

a modified ‘fly-the-wire’ method and the geostationary 

satellite positioning system of COMS (Communication, 

Ocean and Meteorological Satellite) was investigated in 

Lee et al. (2005) for orbit determination and autonomous 

satellite operation. A study was also done on performing one 

of two East/West station keeping maneuvers during one of 

two daily wheel off-loading maneuvers (Lee et al. 2006). 

In order for the ‘long planned and existing geostationary 

satellites’ currently available to ROK-G to benefit, a more 

immediately applicable approach is required and, as a 

different approach from the previous works, we investigate 

maximizing station keeping window compliance in case of 

ground control outage within the constraints of existing and 

conventional satellite designs.

2. METHODS

The main purpose is to perform a variation-of-parameters 

(the factors listed below) study, comparing simulations 

performed with different parameters. We limit the scope 

of this study to non-collocated satellite with chemical 

station keeping only, although many of the results may be 

transferable to satellites with electrical propulsion and/

or collocated with other satellites. We do not attempt to 

account for orbit disturbances arising from momentum 

dumping thruster firing or other altitude control related 

thruster firing. If such thruster firings occur and are not 

neutral in terms of linear momentum (i.e., the resultant 

ΔV is non-zero) they will add additional uncertainty to the 

orbital evolution. The simulations were performed using a 

custom software program for orbit propagation and station 

keeping maneuver modeling based on initial conditions and 

combinations of the parameters being studied. The primary 

output of the program is in the form of figures showing the 

evolution of the satellite orbit over time with respect to a 

designated station keeping window. The software program is 

written in the programming language Haskell (Marlow 2010) 
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and builds upon code developed and used, over more than 

a decade, for ad hoc analyses of orbit evolution and stations 

keeping strategies.

2.1 Orbit Propagation 

The orbit propagator is based around the set of modified 

equinoctial orbital elements defined in Walker et al. (1985). 

Orbit propagation is a hybrid of analytical propagation and 

numerical propagation with a time step of 10 minutes (600 

seconds). The orbit propagator models perturbing forces 

generated by:

•  Solar radiation pressure. We have assumed a constant 

effective cross-section to mass ratio of 0.03 m2/kg in the 

simulations.

•  The asymmetry in Earth’s gravitational field, in particular 

the tesseral terms of its Legendre polynomial expansion 

which causes a longitude drift evolution. The modeled 

acceleration is consistent with Soop (1994).

•  Lunar gravity. Lunar coordinates are estimated using 

the low-precision formulae for geocentric coordinates 

of the Moon (Nautical Almanac Office [U.S.] 2009). The 

errors of these formulae are generally within 0.3° which 

is fully adequate for this study.

•  Solar gravity. Solar coordinates are estimated using 

formulae with an accuracy of about 1 arc minute (USNO 

2012).

• Station keeping maneuvers.

2.2 Station Keeping Maneuver Modeling

Station keeping maneuvers are modeled as ‘impulsive 

maneuvers’. That is, each station keeping maneuver is 

modeled as a momentaneous velocity change (ΔV) at the 

time mid-way between the start and end of the maneuver. 

This is a common and adequate approximation for 

maneuvers with short durations compared to the orbital 

period and/or with durations shorter than the integration 

step, which is typically true for station keeping maneuvers 

using chemical propulsion as well as many station keeping 

maneuvers using electrical propulsion. Longer duration 

maneuvers are better modeled as ‘finite maneuvers’ (non-

impulsive maneuvers) but are beyond the scope of this 

study.

The ΔV of each maneuver is separated into components 

normal (ΔVn), radial (ΔVr) and approximately tangential 

(ΔVt) to the orbit. More precisely:

1.  ΔVn is the velocity change component normal to the 

orbital plane in the direction of the angular momentum 

vector,

2.  ΔVr is the velocity change component along the 

satellite’s position (radius) vector in an Earth-centered 

coordinate frame,

3.  ΔVt is the velocity change component perpendicular to 

the radius vector in the direction of motion (approximately 

tangential to the orbit).

The orbit propagator applies these ΔV components to 

the modified equinoctial orbit elements as prescribed in 

Walker et al. (1985). We do not attempt to model maneuver 

minimum impulse bit limitations or expected (predictable) 

maneuver cross-coupling. Instead we assume that the 

nominal theoretical maneuver ΔV is achievable and indeed 

the expected value for any maneuver.

For East-West (EW) maneuvers we assume a 3σ maneuver 

performance uncertainty of 1% and disregard cross-coupling 

errors as negligible. We furthermore assume that all EW 

maneuvers are planned for a single-burn sun-pointing 

eccentricity control strategy only. For North-South (NS) 

maneuvers assume a 3σ tangential cross-coupling error 

of either 0.1% or 0.25% as explained in section 3.5. Radial 

cross-coupling error is disregarded as being of secondary 

importance compared to tangential cross-coupling. 

Furthermore, we assume that all NS maneuvers in a given 

calendar year are planned with the same magnitude and 

centered on a spacecraft right ascension of 90° for South 

maneuvers or 270° for North maneuvers, which, for the 

purposes of our analysis, we consider to be a sufficient 

approximation of the minimum fuel inclination control 

strategies typically employed for geostationary satellites.

2.3 Latitude Free Drift Duration

A satellite’s latitude has a cyclical variation throughout 

the day with the peak positive (north) and negative (south) 

latitudes being equal to the inclination ( i ) of the satellite’s 

orbit. To keep the satellite latitude within a ± 0.05° window, 

for example, one must maintain the orbit’s inclination below 

= °max 0.05i .  In terms of equinoctial  parameters the 

inclination equals the length of the inclination vector, that 

is, = +2 2
x yi i i . Thus the maximum allowed inclination can 

be represented in the plane of the inclination vector as a 

circle of radius maxi  centered on origo. By biasing the 

inclination vector to the appropriate edge of the circle the 

inclination free drift duration can be maximized. By 

targeting inclination control maneuvers to allow a near-

maximum inclination vector free drift time about five weeks 
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of inclination vector free drift can be achieved within a ± 0.05° 

latitude window during worst case years, increasing to 

almost 7 weeks during best case years (refer to section 3.8 for 

a further discussion of this time-varying aspect). With a ± 0.1° 

latitude window the free drift duration doubles.

Given the relatively long free drift duration with ≤ maxi i  

for common latitude windows and the fact that it has only 

minor sensitivity to maneuvers performance errors the 

latitude is rarely the critical or limiting factor in terms of 

violating orbit geometry requirement; the longitude window 

tends to be violated well in advance of the latitude window. 

Furthermore, maintaining strict latitude control is generally 

of lower importance than maintaining strict longitude 

control since latitude window excursions neither increase 

the risk of radio frequency interference nor the risk of 

physical collisions with neighboring geostationary satellites 

(on the contrary, large latitudes generally increase both 

angular and physical separation with other geostationary 

satellites). For these reasons it is not uncommon to have 

more lax requirements for a satellite’s latitude window than 

for its longitude window, for example ± 0.1° in latitude 

versus ± 0.05° in longitude.

In some literature the inclination vector is defined as 

the two-dimensional projection of the normal vector of 

the orbital plane onto the equatorial plane. However, in 

flight dynamics software suites in use by satellite operators 

the predominant definition of the inclination vector has it 

pointing towards the ascending node of the orbit. In order 

for readers to benefit from their experience with operational 

flight dynamics software suites we have chosen to use the 

latter definition in the figures in this paper.

Inclined geosynchronous orbits are beyond the scope 

of this study, but in general do not impact the conclusions. 

A large orbital inclination will cause a daily libration in 

longitude on the order of 0.0044°, 0.017°, and 0.039° for 

inclinations of 1°, 2°, and 3°, respectively (Soop 1994). 

However, the extremes of these librations are reached 

at half the maximum/minimum latitudes while they are 

practically zero near the geostationary (equatorial) plane. 

Any neighboring satellites in inclined orbits will experience 

similar and synchronized librations ensuring that longitude 

separation is maintained at high latitude.

2.4 Worst Case Timing of Loss of Ground Control

Due to the relatively large cross-coupling of NS maneuver  

ΔV into the orbital plane it is generally desirable to perform 

an EW maneuver as soon as possible after an NS maneuver 

in order to compensate for any unpredicted in-plane 

ΔV component. Failure to do so can allow the satellite’s 

longitude to diverge rapidly from the desired/predicted 

longitude. The limiting factor on how soon after the NS 

maneuver the EW maneuver can be performed is the 

collection of measurement data for orbit determination, 

performing the orbit determination itself in order to assess 

the NS maneuver performance (including any cross-

coupling), and the planning and uploading of an EW 

maneuver that will compensate for both the NS maneuver 

cross-coupling and the longitudinal acceleration the 

satellite will be subjected to until the next EW maneuver. The 

most time consuming of the above steps is the collection 

of measurement data for the orbit determination; typically 

at least 24 hours of data is desired. Taking all steps into 

account it is generally possible to execute the EW maneuver 

on the second or third day following the NS maneuver.

Given the above context we can identify the worst 

possible time for the satellite operator to lose ground 

control capability: after execution of the NS maneuver but 

before the following EW maneuver has been uploaded to 

the satellite. In this situation the longitude control has been 

impacted by the cross-coupling of the NS maneuver but the 

loss of ground control prevents the satellite operator from 

compensating for the cross-coupling with an appropriately 

planned EW maneuver. To represent this worst case timing 

for the loss of ground control in our study we simulate a 

loss of ground control starting on the day following a NS 

maneuver. The day of loss of ground control is considered 

‘day zero’ in the simulations. 

2.5 Initial Orbital Parameters

Initial orbital parameters for the simulations have been 

chosen to provide a longitude evolution well centered in 

the station keeping window assuming that nominal station 

keeping operations can proceed indefinitely (i.e., without loss 

of ground control capability) and a maximized inclination 

free drift duration within a ± 0.05° latitude window.

3. RESULTS AND DISCUSSIONS

As discussed in section 2 we have chosen to simulate 

the evolution of a satellite’s orbital parameters in order 

to determine how long it can be expected to remain 

within its station keeping window after a loss of ground 

control capability. By varying the assumptions driving the 

simulation we gain an understanding of how this duration 

is affected by different factors, some of which are under the 

control of the satellite operator and some which are not. The 

following factors have been selected as the ‘parameters’ that 
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we vary in this ‘variation of parameters’ study:

• Station keeping window size

• Station keeping longitude

• Orbit determination uncertainty

• Cross-coupling prediction error

• Station keeping cycle duration

• Station keeping maneuver pre-loading

• Station keeping year

A total of 384 individual simulations (‘cases’) have been 

performed with each simulation representing a unique 

combination of assumptions for these factors. A subset 

of the simulations are presented in the figures below in 

order to provide a basis for discussion and qualitative 

understanding of the impact of varying each factor. Each 

simulated case is assigned a unique designation based on 

the particular variations of the above parameters used in a 

given simulation. As an example, the case we have selected 

as the baseline case for this paper and against which others 

will be compared has been given the designation ‘117E_

O1_YS_1414_D_2024’. The meanings of each component 

of a case’s designation are given in the Tables in section 3.3 

through section 3.8.

3.1 Baseline Case

Fig. 1 represents the baseline case that we have chosen 

for this parametric study: a hypothetical satellite being 

operated at 117° E with a 14 day station keeping maneuver 

cycle. An assumed effective cross-section to mass ratio of 

0.03 m2/kg allows the satellite to be comfortably operated at 

this longitude with a propellant-optimal single-burn sun-

pointing eccentricity control strategy. Orbit determination 

is performed with a single ground station providing tracking 

and ranging data. It is assumed that multiple EW maneuvers 

but no NS maneuvers are pre-loaded for execution in case 

of loss of ground control capability. The year 2024 is chosen 

for the baseline case simulation. It is also assumed that the 

satellite has been operated at least one full year in orbit 

Fig. 1. Case 117E_O1_YS_1414_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.079 m/s). Upper half: 
Expected evolution of the satellite longitude (black line) and 3σ uncertainty of the longitude 
evolution (gray area). Lower left: Evolution of the satellite orbit’s eccentricity vector (mean 
values). Lower right: Evolution of the satellite orbit’s inclination vector. This is the baseline case at 
117° E [117E], with single station orbit determination [O1], more than a year in orbit [YS], 14 day 
NS and EW maneuver cycles [1414] and pre-loaded EW maneuvers [D] in the year 2024 [2024]. NS, 
North-South; EW, East-West.
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prior to the starting point of the simulation. The baseline 

case bears designation 117E_O1_YS_1414_D_2024.

In the upper half of Fig. 1 the longitude evolution of the 

satellite is shown. The black line within the grey area shows 

the expected evolution of satellite longitude (y-axis) over 

time (x-axis) while the grey area shows the 3σ uncertainty 

of the longitude evolution. Day 0 of the x-axis is the day on 

which ground control capability is assumed to be lost. The 

dashed and solid lines show two typical station keeping 

window boundaries. The square and triangular markers on 

the black line show the times and expected longitudes at 

which NS and EW maneuvers, respectively, are performed. 

The lower left quarter of Fig. 1 shows the evolution of the 

satellite orbit’s eccentricity vector. For clarity daily mean 

values of the eccentricity vector are shown, with diurnal 

librations suppressed. The dashed circle represents the 

target mean eccentricity for the single-burn sun-pointing 

eccentricity control strategy. The eccentricity vector is 

expected to roughly track the circle as it rotates in a counter-

clockwise fashion about origo throughout a year. The lower 

right quarter of Fig. 1 shows the evolution of the satellite 

orbit’s inclination vector. The dashed and solid circles 

correspond to typical latitude window boundaries of ± 0.05° 

and ± 0.1° respectively.

For the baseline case we can see that there is a small 

possibility that a longitude window of ± 0.05° would be 

marginally and briefly violated as soon as 8 days after a 

loss of ground control. There is a much larger likelihood 

of violation of a ± 0.05° longitude window after 14 days, 

at which time violations may be quite large and in excess 

of half a day. On the other hand there is no risk within 

3σ that a longitude window of ± 0.1° would be violated 

within the simulation period stretching until 35 days after 

a loss of ground control. Finally we can see that with an 

appropriately biased initial inclination vector the orbital 

inclination will remain below 0.05° (satellite latitude will 

remain within ± 0.05°) during the simulation period.

3.2 Station Keeping Window Size

The size of the station keeping window obviously directly 

impacts the duration that the window can be maintained 

without ground intervention. We investigate the impact of 

two commonly used longitude station keeping window sizes 

(Table 1). In all figures the limits for both cases are shown, 

± 0.05° with dashed lines and ± 0.10° with solid lines.

3.3 Station Keeping Longitude

Due to the fact that Earth’s gravity field is not perfectly 

spherically symmetric the longitudinal acceleration 

(that is, the rate of change of a satellite’s drift rate) varies 

with longitude. The longitudinal acceleration is zero at 

four longitudes (–105.3° E, –11.5° E, 75.1° E, and 161.9° 

E) while maximum acceleration is near 117° E and 

maximum deceleration is near 34° E (Soop 1994). To 

illustrate the impact of longitudinal acceleration three 

different station keeping longitudes as shown in Table 2 

have been investigated. Note that with a single-burn sun-

pointing eccentricity control strategy the orbit eccentricity 

is maximum for a zero longitudinal acceleration and 

decreasing with increasing absolute value of the acceleration.

Compare Fig. 1 (117° E), Fig. 2 (34° E) and Fig. 3 (75.1° E). 

The lower absolute longitude acceleration at 34° E compared 

to 117° E allows a slightly tighter longitude control at 34° E. 

At 75.1° E the mean longitude is effectively constant but, due 

to the EW maneuver ΔV for longitude control being zero, the 

eccentricity is effectively uncontrolled and thus much larger 

than in the other two cases.

3.4 Orbit Determination Uncertainty

In our baseline case we assume the following 3σ 

uncertainties in the orbit knowledge at the start of the 

simulation periods. We consider these uncertainties to be 

representative bounds of orbit determination accuracy for 

geostationary satellites using range, azimuth and elevation 

measurement data from a single TTC antenna (Table 3). The 

actual uncertainties will be functions of the performance 

and calibration of TTC antenna and satellite hardware as 

well as the geographical location of the TTC antenna with 

respect to the satellite.

A common method of improving the orbit determination 

accuracy is by adding range measurements from a second, 

geographically separated, antenna to the data set used for the 

orbit determination. A greater geographical separation between 

the two TTC antennas provides a greater improvement, but 

in practice logistical and political considerations tend to 

Table 1. Cases of longitude station keeping (SK) window size

Case Longitude SK window size

W05 ± 0.05°

W10 ± 0.10°

Table 2. Cases of SK longitude

Case Longitude Acceleration

34E 34° E –59.0 nm/s2

75E 75.1° E 0.0 nm/s2

117E 117° E 65.6 nm/s2

SK, station keeping.
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Fig. 2. Case 34E_O1_YS_1414_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = 0.071 m/s). As the baseline case 
(Fig. 1) but at 34° E longitude [34E].

Fig. 3. Case 75E_O1_YS_1414_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = 0.000 m/s). As the baseline case 
(Fig. 1) but at 75.1° E longitude [75E].
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constrain the choices of TTC antenna locations. We select the 

following 3σ uncertainties as a representative example of orbit 

knowledge for orbit determination performed with range data 

from two TTC antennas geographically separated by 30° in 

longitude (Table 4).

In order to evaluate the impact of using measurement 

data from a second, geographically separated, TTC antenna 

for orbit determination we define the following test cases in 

Table 5.

In Fig. 4 one can see that two TTC antennas provide a slight 

improvement in longitude station keeping uncertainty with 

respect to a single antenna (Fig. 1). The difference in longitude 

uncertainty is quite substantial early in the simulation period, 

but the additional uncertainties introduced by maneuvers 

quickly grow to dominate the evolution. Thus we conclude 

that while orbit determination with two TTC antennas is 

beneficial under normal operating circumstances the impact 

on the duration of station keeping window compliance in the 

absence of ground control capability is quite marginal.

3.5 Cross-Coupling Prediction Error

Any station keeping maneuvers will inevitably, due to 

thruster alignments and plume impingements, have ΔV 

components in directions other than the nominal (tangential 

to the orbit for EW maneuvers, normal to orbital plane for 

NS maneuvers). When such off-nominal ΔV components 

are predictable and of limited magnitude they do not 

significantly impact the ability to maintain a satellite within 

its station keeping window. Off-nominal ΔV component are 

often referred to as maneuver triaxiality or cross-coupling, 

and any unpredictability in these components as cross-

coupling errors. The cross-coupled ΔV component can 

often be on the order of 1% of the nominal ΔV component, 

with the cross-coupling errors on the order of 0.1% of the 

nominal ΔV component.

EW station keeping maneuvers are relatively small (on 

the order of 0.01  m/s per week) and it follows that any 

off-nominal ΔV components will also be small. For some 

satellite designs the EW maneuvers may have significant 

but predictable radial ΔV cross-coupling, but the cross-

coupling errors of EW station keeping maneuvers can 

be considered negligible. The ΔV of NS station keeping 

maneuvers performed with chemical propulsion are on 

the order of 1  m/s per week so even a relatively small 

tangential cross-coupling component can be significant 

in comparison to EW station keeping maneuvers. More 

importantly, the cross-coupling errors can significantly 

impact the ability to maintain a satellite within its longitude 

station keeping window. In order to minimize the impact of 

NS station keeping maneuvers on longitude station keeping 

it is common practice to take into account predicted cross-

coupling from upcoming NS station keeping maneuvers 

when planning an EW maneuver. 

An important contributor to NS maneuver cross-coupling 

is impingement of the thruster plumes on the solar array of 

the satellite, which deflects some of the thruster exhaust, 

and thereby thrust, in an unintended direction (see, e.g., 

Gibbs et al. 2008). The magnitude and direction of the 

deflected thrust depends on the orientation of the solar 

array with respect to the thrusters at the time of firing. The 

local satellite time at which fuel-optimal NS maneuvers are 

performed varies throughout the year, and thus the solar 

array angle with respect to the satellite body (and thrusters) 

at the time of NS maneuvers also varies throughout the 

year. In order to accurately predict the NS maneuver cross-

coupling (and minimize the cross-coupling errors) the 

impact of the varying solar array angle must be accounted 

for. For the first year of operating a satellite the cross-

coupling as a function of solar array angle is typically 

predicted on the basis of the satellite manufacturer’s 

mathematical models of the satellite geometry and thruster 

plume behavior. However, after a satellite has been operated 

for a full year the satellite operator will have collected NS 

maneuver performance data, including observed cross-

coupling, for a large amount of evenly distributed solar 

Table 3. Orbit determination accuracy (one TTC antenna)

Orbit parameter Uncertainty

Semi-major axis 10 m

Eccentricity vector x component 1×10–5

Eccentricity vector y component 1×10–5

Inclination vector x component 0.005°

Inclination vector y component 0.005°

Mean longitude 0.005°

TTC, telemetry, tracking and control.

Table 4. Orbit determination accuracy (two TTC antennas)

Orbit parameter Uncertainty

Semi-major axis 4 m

Eccentricity vector x component 5×10–6

Eccentricity vector y component 5×10–6

Inclination vector x component 0.002°

Inclination vector y component 0.002°

Mean longitude 0.002°

TTC, telemetry, tracking and control.

Table 5. Cases of TTC antenna

Case Orbit measurement data

O1 Single TTC antenna (Table 3)

O2 Two TTC antennas (Table 4)

TTC, telemetry, tracking and control.
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array angles. By calibrating the NS maneuver cross-coupling 

predictions on the basis of the observed cross-coupling in 

orbit, the accuracy of the cross-coupling predictions can 

typically be significantly improved and the cross-coupling 

errors minimized for future NS maneuvers. To illustrate the 

impact of the NS maneuver cross-coupling errors we model 

both the first year in orbit with a typical 3σ tangential cross-

coupling error as well as subsequent years with improved 

cross-coupling prediction and reduced cross-coupling 

errors, as shown in Table 6.

When comparing Fig.  1 and Fig.  5 one can see the 

significant improvement in longitude station keeping 

uncertainty afforded by more accurate cross-coupling 

predictions. This implies that it is well worth the effort for a 

satellite operator to, after the first year in orbit, update the 

cross-coupling data (which is often in the form of lookup 

Tables or polynomial coefficients) used by its flight dynamics 

software to predict the cross-coupling of future NS maneuvers.

3.6 Station Keeping Cycle Duration

The most commonly used station keeping cycle durations 

for geostationary satellites are of either 14 days or 7 days. The 

obvious benefit of choosing a station keeping cycle duration 

that is a multiple of seven is that it allows a regularity aligning 

the cyclic activities to be performed in the satellite control 

center with the weekly work schedule of the control center 

staff. To minimize operational effort a 14 day station keeping 

cycle is typically preferred if it can be accommodated 

by the station keeping window longitude and size, orbit 

determination accuracy, and satellite characteristics and 

operational constraints. When this is not the case a 7 day 

station keeping cycle must be chosen instead, effectively 

doubling the operational effort. Only in rare cases or with 

large station keeping windows are station keeping cycles 

of 21 days or more feasible. Trying to maximize the station 

keeping cycle to, for example, 18 days in order to minimize 

operational effort is generally not worth the trade-off against 

the added personnel, planning and logistical complications 

arising from the station keeping activities not being aligned 

with weekly work cycles. For the purposes of this paper we 

have limited our simulations to 7 day and 14 day cycles. 

Fig. 4. Case 117E_O2_YS_1414_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but using two TTC antennas for orbit determination [O2]. TTC, telemetry, tracking and 
control.

Table 6. Cases of cross-coupling error

Case Cross-coupling errors (3σ)

Y1 First year ΔVt = 0.25% of  ΔVn

YS Subsequent years ΔVt = 0.10% of ΔVn
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Note that EW and NS cycles do not necessarily have to 

have the same durations and we have simulated different 

combinations of EW and NS cycles (Table 7).

When comparing Fig. 1 (14 day NS and EW cycles), Fig. 6 

(7 day NS and EW cycles), Fig. 7 (7 day NS cycle and 14 day 

EW cycle) and Fig. 8 (14 day NS cycle and 7 day EW cycle) 

it is clear that reducing the station keeping cycle durations 

allows for tighter longitude control. It is easy to understand 

that a shorter EW cycle allows tighter control of the 

longitude around the center of the station keeping window, 

even if the longitude uncertainty itself is not substantially 

impacted. However, it is worth noting that station keeping 

robustness is improved even when only the NS cycle 

duration is reduced (Fig. 7). This is due to the cross-coupling 

from the NS maneuver at the start of the simulation being 

halved with respect to the baseline case (Fig. 1), with a 

corresponding reduction in longitude uncertainty. This 

effect is also clearly seen when comparing Figs. 6 and 8.

3.7 Station Keeping Maneuver Pre-Loading

On modern satellites the command parameters for one 

or several station keeping maneuvers can be pre-loaded 

in advance of the maneuver execution time as so-called 

‘time tagged commands’. The commands are ‘tagged’ with 

the desired execution time, and when the time arrives the 

satellite executes the commands automatically without 

ground intervention. Should the need arise any uploaded 

time tag commands can be deleted by ground command 

prior to their execution time. Pre-loaded maneuvers can be 

used to allowed continued station keeping maneuvering 

in the case of loss of ground control. We look at the impact 

of several cases of maneuver pre-loading, ranging from no 

pre-loading to indefinite pre-loading of both NS and EW 

maneuvers to pre-loading of EW only (Table 8). The cases 

applicable to a given satellite may depend of the capabilities 

of the satellite itself. Note that in cases C and D the pre-

loaded EW maneuvers are sized based on the assumption 

that no additional NS maneuvers (after the one preceding 

the loss of ground control) will be executed, and thus do 

Fig. 5. Case 117E_O1_Y1_1414_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but during the first year in orbit [Y1].

Table 7. Cases of SK cycle duration

Case NS cycle EW cycle

1414 14 days 14 days

0707 7 days 7 days

0714 7 days 14 days

1407 14 days 7 days

SK, station keeping; NS, North-South; EW, East-West.
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Fig. 6. Case 117E_O1_YS_0707_D_2024 (ΔVNS = –0.979 m/s, ΔVEW = –0.040 m/s). As the baseline 
case (Fig. 1) but with 7 day NS and EW maneuver cycles [0707]. NS, North-South; EW, East-West.

Fig. 7. Case 117E_O1_YS_0714_D_2024 (ΔVNS = –0.979 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but with 7 day NS maneuver cycles [0714]. NS, North-South.
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not pre-emptively compensate for additional NS maneuver 

cross-coupling (refer to section 3.5 for a further discussion 

of maneuver cross-coupling).

Compare Fig. 1 (indefinite EW maneuvers only), Fig. 9 

(no pre-loaded maneuvers), Fig. 10 (indefinite pre-loaded 

NS and EW maneuvers) and Fig. 11 (indefinite pre-loaded 

EW maneuvers only). Obviously with no pre-loaded 

maneuvers (Fig. 9) the satellite will soon exit the longitude 

window. A single pre-loaded EW maneuver (Fig. 11) can 

delay the violation of the window-by up to an EW cycle, but 

this is subject to other parameters affecting the longitude 

uncertainty. Taking the worst case 3σ uncertainty into 

account violation of the ± 0.05° longitude window is only 

delayed by half a cycle with respect to Fig. 9. Pre-loading 

of indefinite NS and EW maneuvers (Fig. 10) will maintain 

the expected inclination and longitude evolutions within 

their respective limits indefinitely, but the accumulated 

influence of cross-coupling from the NS maneuvers 

aggravate the longitude uncertainty over time. Given that 

longitude evolution tends to be the limiting factor for 

autonomy duration, the optimal scheme is likely to use 

indefinite pre-loading of EW maneuvers only (Fig. 1) where 

inclination control is sacrificed for improved longitude 

control. Note that with ideal initial conditions cases A and 

D are effectively identical for a satellite at 75.1° E due to the 

absence of longitudinal acceleration (refer to section 3.3). 

Compare Fig. 12 (no pre-loaded maneuvers at 75.1° E) to 

Fig. 3 (indefinite EW maneuvers at 75.1° E).

3.8 Station Keeping Year

The amount of NS ΔV required for controlling the inclination 

of a geostationary satellite’s orbit varies with time as the 

inclination of the moon’s orbit with respect to the equator 

varies between 18.3° and 28.6° with a period of 18.6 years. 

The maximum ΔV (51.1 m/s per year) is required when 

the inclination of the moon’s orbit is at its maximum and 

the minimum ΔV (40.6 m/s per year) when the inclination 

of the moon’s orbit is at its minimum (Table 9). During a 

year with maximum NS ΔV requirement the NS maneuvers 

Fig. 8. Case 117E_O1_YS_1407_D_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.040 m/s). As the baseline 
case (Fig. 1) but with 7 day EW maneuver cycles [1407]. EW, East-West.

Table 8. Cases of pre-loading

Case Pre-loading

A None

B Indefinite NS and EW (nominal SK cycles)

C Next EW only (contingency anticipation)

D Indefinite EW only (contingency anticipation)

NS, North-South; EW, East-West; SK, station keeping.
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Fig. 9. Case 117E_O1_YS_1414_A_2024 (ΔVNS = –1.959 m/s). As the baseline case (Fig. 1) but 
without pre-loaded maneuvers [A].

Fig. 10. Case 117E_O1_YS_1414_B_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but with pre-loaded NS and EW maneuvers [B]. NS, North-South; EW, East-West.
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Fig. 11. Case 117E_O1_YS_1414_C_2024 (ΔVNS = –1.959 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but with a single pre-loaded EW maneuver [C]. EW, East-West.

Fig. 12. Case 75E_O1_YS_1414_A_2024 (ΔVNS = –1.959 m/s). As the baseline case (Fig. 1) but at 
75.1° E longitude [75E] and without pre-loaded maneuvers [A].
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will be larger on average and consequently the tangential 

component of the ΔV (and the uncertainty thereof ) due to 

cross-coupling will be larger.

Comparing Fig. 1 (2024) and Fig. 13 (2015) it is clearly 

seen that the inclination is evolving at a slower rate in 2015 

than in 2024, which in turn reduces the magnitude of NS 

maneuvers in 2015. The slightly smaller NS maneuver at 

the beginning of the simulation period in 2015 leads to a 

slightly reduced longitude uncertainty with respect to 2024. 

This can be seen by careful comparison of Figs. 1 and 13 but 

is somewhat obscured by the orbital eccentricity not being 

identical in the two cases (due to differences in Earth-Sun-

Moon geometry).

3.9 Quantitative Summary of Results

The value of this analysis is primarily qualitative, as 

any quantitative results will be dependent on a number 

of factors specific to a given satellite, including satellite 

effective cross-section to mass ratio, station keeping 

longitude, orbit determination accuracy, maneuver minimal 

impulse bit limitations, cross-coupling characteristics 

and the actual date of loss of ground control capability. 

Nevertheless, Table 10 provides a quantitative summary of 

the duration of autonomy before the first longitude station 

keeping window violation, for ± 0.05° and ± 0.10° station 

keeping window sizes, for each of the cases presented above. 

Since the risk of radio frequency interference or physical 

collisions with neighboring geostationary satellites may 

not be present on both sides of the station keeping window 

we present the time of violating the west and east edges of 

the windows separately. Note that Table 10 shows only the 

initial times of station keeping window violations without 

attempting to quantify the magnitude of the violations 

which are sometimes very slight, such as, e.g., the first + 

0.05° east edge violation in Fig. 13 (case 117E_O1_YS_1414_

D_2015). Fig. 14 shows the results in Table 10 graphically, 

but shows only the first violation for either station keeping 

window size, without distinguishing between the west and 

east edges.

Consistently with the results of qualitative analysis, it can 

be observed that the cases B, C and D of station keeping 

Table 9. Cases of SK year

Case Year NS ΔV required

2015 2015 40.6 m/s per year

2024 2024 51.1 m/s per year

SK, station keeping; NS, North-South.

Fig. 13. Case 117E_O1_YS_1414_D_2015 (ΔVNS = –1.556 m/s, ΔVEW = –0.079 m/s). As the baseline 
case (Fig. 1) but in 2015 [2015].
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maneuver pre-loading are much more beneficial compared 

to the case A of no pre-loading, as defined in Table 8. Case D 

(Fig. 1), with indefinite EW pre-loading only, has 7.4 times 

longer duration in the ± 0.05° station keeping window 

while cases B (Fig. 10) and C (Fig. 11) have 4.5 times longer 

durations compared to case A (Fig. 9) of no pre-loading 

operation. We observe a bigger impact in the ± 0.1° station 

keeping window such that case D has 8.7 times longer 

duration in the station keeping window while cases B and 

C have 7.3 and 3.5 times longer durations, respectively, 

compared to case A of no pre-loading operation. These 

quantitative results of the duration of autonomy confirm 

that the most beneficial factor for maximizing the time a 

satellite will remain in the station keeping window is the 

operational practice of pre-emptively loading East-West 

station keeping maneuvers for automatic execution on 

board the satellite should ground control capability be lost. 

Fig. 14 also shows that the short station keeping maneuver 

cycle duration, case 0707 (Fig. 6), gives 2.1 and 1.3 times 

longer duration for the ± 0.05° and ± 0.1° station keeping 

windows, respectively, compared to case 1414 (Fig. 1) as 

defined in Table 7. Therefore, we can confirm that reducing 

the station keeping cycle durations is another secondary 

beneficial factor for maximizing the duration of station 

keeping window compliance in the absence of ground 

control capability.

4. CONCLUSIONS

A variation of parameters study, comparing simulations 

performed with different parameters, has been conducted 

to investigate the factors affecting the robustness of a 

geostationary satellite’s orbit. We have chosen to simulate 

Table 10. First SK window east/west edge exit times

Fig. Case
± 0.05° SK window ± 0.1° SK window

1st west edge exit 1st east edge exit 1st west edge exit 1st east edge exit

1 117E_O1_YS_1414_D_2024 13 days 21 hrs 19 days 08 hrs 41 days 21 hrs 50 days 07 hrs

2 34E_O1_YS_1414_D_2024 18 days 01 hrs 27 days 14 hrs 45 days 02 hrs 69 days 15 hrs

3 75E_O1_YS_1414_D_2024 10 days 01 hrs 9 days 13 hrs 42 days 00 hrs 90 days 13 hrs

4 117E_O2_YS_1414_D_2024 14 days 18 hrs 20 days 07 hrs 42 days 18 hrs 61 days 08 hrs

5 117E_O1_Y1_1414_D_2024 13 days 22 hrs 5 days 10 hrs 28 days 01 hrs 33 days 08 hrs

6 117E_O1_YS_0707_D_2024 28 days 21 hrs 46 days 08 hrs 55 days 22 hrs 86 days 08 hrs

7 117E_O1_YS_0714_D_2024 14 days 18 hrs 20 days 07 hrs 42 days 21 hrs 63 days 08 hrs

8 117E_O1_YS_1407_D_2024 15 days 20 hrs 24 days 09 hrs 42 days 20 hrs 73 days 06 hrs

9 117E_O1_YS_1414_A_2024 1 days 21 hrs - 4 days 20 hrs -

10 117E_O1_YS_1414_B_2024 13 days 21 hrs 8 days 09 hrs 39 days 22 hrs 35 days 08 hrs

11 117E_O1_YS_1414_C_2024 13 days 21 hrs 8 days 09 hrs 16 days 23 hrs -

12 75E_O1_YS_1414_A_2024 10 days 01 hrs 9 days 13 hrs 42 days 00 hrs 90 days 13 hrs

13 117E_O1_YS_1414_D_2015 14 days 22 hrs 6 days 10 hrs 42 days 20 hrs 63 days 09 hrs

SK, station keeping.

Fig. 14. Maximum durations within SK windows (± 0.05°, ± 0.1°). SK, station keeping.
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the evolution of satellite orbits subject to different initial 

conditions and operational choices in order to determine 

how long it can be expected to remain within its station 

keeping window after a loss of ground control capability. 

The scope of the study was limited to non-collocated 

satellites with chemical station keeping. A total of 384 

individual simulations were performed and analyzed. A 

representative subset of these have been presented in this 

paper to illustrate the impacts of the parameter variations.

We observed that minimum longitudinal acceleration 

from Earth’s gravity field is not necessarily beneficial for 

maintaining a tight longitude control when employing 

a single-burn sun-pointing eccentricity control strategy. 

However, for satellites with a smaller effective cross-section 

to mass ratio than our chosen baseline or with the use 

of a dual-burn sun-pointing eccentricity control strategy 

the longitude control may be tightened. While it is widely 

recognized that orbit determination with two TTC antennas 

is beneficial under normal operating circumstances, we 

observed that the impact on the duration of station keeping 

window compliance in the absence of ground control 

capability specifically is quite marginal. The impact of NS 

maneuver cross-coupling prediction errors has a substantial 

impact on longitude control and it is well worth the effort 

for a satellite operator to update its NS maneuver cross-

coupling models based on in-orbit experience. We observed 

that reducing the station keeping cycle durations allows 

for tighter longitude control. This is true even when only 

the NS cycle duration is reduced, due to the cross-coupling 

from the NS maneuver at the start of the simulation being 

halved with respect to the baseline case. Most importantly, 

it is confirmed from the quantitative results that a key 

strategy to maximize the time a satellite will remain in the 

station keeping window in case ground control is lost is to 

pre-emptively load anticipated EW maneuvers on-board 

the satellite for autonomous execution via time tagged 

commands, if supported by the satellite design. Pre-loading 

of NS maneuvers is, however, generally not advisable due 

to the negative impact of NS maneuver cross-coupling on 

longitude control. Finally, we noted that variations in the 

NS ΔV required for inclination control also affect longitude 

uncertainty due to the NS maneuver cross-coupling 

prediction error being proportional to the NS ΔV. Thus, 

there is slight dependence of the inclination of the moon’s 

orbit with respect to Earth’s equator.
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