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Operational Concept for Orbit Raising with Low Thrust
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The problem of designing a transfer trajecfonying two different and distant orbits when |dwust is the only control
means is profusely treated in the literature oénégears. While this can be seen as a strictiyhemaatical problem, which
needs to be solved under representative envirorainertdels during satellite design related actisitibe question of how
this nominal / theoretical trajectory is flown /epted in a real scenario has been paid consigdessl attention. The paper
presents many of the links between the relevantabipeal design aspects of such phases: aftestagineral statement of
the problem and the context in which it has toddeex], some of the most important trade-offs tpé&dormed are discussed,
some related analyses results are presented,raily §ome derived conclusions are proposed.
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1. Introduction

Missions performing long orbit transfers with |dkrust
electric propulsion systems have become increaspgpular

in last years. A recent example of such missiohesABS-3A
mission, launched in March 2015: a fully-electric
communications satellite in a geostationary orbibwai Boeing
702SP satellite bds The satellite made the transfer from a
super-synchronous transfer orbit to the final gatimtary orbit
using electric propulsion only.

Relying on a low-thrust electric propulsion systesuch a
transfer from a satellite’s initial orbit to thenéil operational
orbit can take between several months to one yeamdthis
period, the satellite fires its thruster(s) almoshtinuously.
There are several challenges associated with saiesférs, not
the least of which is the optimization of the tramdfajectory.
The optimal transfer problem has been studied elgtawer the
last decades and many solutions and related taisis most of
which rely on solving some large optimization praobléo
determine optimal steering laws over the courséetriansfer.
Problems less studied are related
implementation of such a transfer, which is the dogfi this
paper.

During the transfer with continuous low thrust, tbit
prediction errors are significantly larger than witlh such
continuous thrust. These errors are dominated by th
combination of orbit determination errors and erarising
from the propulsion system itself — the executidn the
maneuvers differs slightly from the planned manesivand
these differences accumulate along time to creaie- n
negligible trajectory dispersions. This paper shothe
influence of these two dominant error sources.

Two particular challenges result from the errars tb orbit
determination and maneuver execution. The firsha the
planned trajectory differs from the actual trajegtoThis
introduces the need for re-planning, consisting aofre-
optimization of the transfer trajectory with a certkequency,
as well as generating and uploading new thrustersgeeting
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commands to the satellite. The frequency of sugblaening
is an important operational design parameter, ak agehow
the maneuver commands and updates are executedaoth-b
the satellite. The usual approach is a time-taggedution of
such profiles, however, when an on-board orbit detetion
capability is present, such commands can also hemaly-
tagged”, reducing the impact of orbit predictionoes.

The second challenge is collision avoidance. dalhy,
launcher injection orbits have high apogees, attmwve the
apogee of the target operational orbit, where ugtlad density
of other satellites is low and the risk of collissois acceptable.
However, the perigee is usually in the Low Earth OfbiEO)
regime. During a low thrust transfer, it may take slagellite
several weeks to raise its perigee to an altituder@l.EO
(~2000 km). The density of objects in the LEO regimme
significant, providing a need for conjunction arsgy and
collision avoidance strategies.

These challenges are addressed in this papenalysis of
the orbit prediction errors is performed and theules of this
analysis are treated in the discussion of a corfeemllision

to the operationaavoidance for orbit raising using a low thrust prigmn system.

The paper starts with a description of the keghflidynamics
functionalities that are required during the trensfollowing
is a discussion of the implementation options,dating where
important trade-offs are required. The accuragyropagation,
as well as the collision avoidance consideratioesaaialyzed
in more detail, after which a short conclusion iduded.

2. Functional Description

Any Flight Dynamics system used by the on-ground
operators of a space mission must have as maictolgehe
computation of the dynamic state of the satelll@ng time,
accurately enough to allow for a feasible and bidi@xecution
of the designed Mission Plan. Further, it has tothls in a
timely manner to allow for an adaptation of the Kittetasks
composing that Plan (f.i., maneuvers) to cope wile t
unpredictable events the satellite trajectory lgest to during



this phase:

- Detected high risk of collision with other objeat-orbit.

- Thrusters stops due to malfunctions or too lkiigpersions.

- Etc.

To properly deal with these responsibilities, daling
functionalities can be distinguished within the Rti@ynamics
application:

- Guidance function;

- Navigation function;

- Control function;

- Propagation function;

- Collision Avoidance function;

- EDIR function;

These functions are graphically shown in Fig. lowe
where some of the relationships between these furscéoe
already highlighted.

Mission
requirements

Fig. 1. Functional description of a Flight Dynamisystem for
transfer of Low Thrust satellites

2.1 Guidancefunction

The Guidance function calculates the trajectory b
followed by the satellite during the transfer phaaed the
maneuvering profile required to reproduce it. Tthégectory is
computed in accordance to a set of mission objestieither
minimize transfer time, or maximize mass in finabib (or a
combination of both). Together with this trajectorthe
Guidance function would also provide the maneuvefilpso
and the nominal attitude required to reproduce thyaamic
evolution of the state vector.

The low thrust transfer problem can be formulaed full
optimal control problem and as such, it can bendgghas a
large-scale optimization problem to determine theigt and
attitude profiles over time. For being a computadidy

demanding activity, it must run on-ground. The lésg
guidance profiles are time-tagged or anomaly-tagged
commands that the satellite executes as feedforpanfiles.
The most suitable implementation option is subjec trade-
off.

2.2 Navigation function

Based on measured data, the Navigation functiterénes
the satellite state (mainly position & velocityy fehat regards
this transfer phase, but also attitude & attituate). Further, it
is also in charge of estimating any other variatdemed
relevant for the execution of the guidance profitethe low
thrust transfer scenario, it is commonly the case the thrust
components must be known or measured somehow in trder
feed the estimation filter, where the off-line coamded
acceleration coming from guidance profile provithes lowest
level of accuracy for such variables.

The needed measurements can arise from groutioiRsta
tracking or an on-board GNSS receiver, possibly aldethe
processing of some other measurements. The Nawuigatio
function can be implemented on-ground, on the l#atebr
both on-ground and on the satellite, and is suljegtrade-off.

2.3 Control function

The control function is executed onboard by the SOC
subsystem in a feedback control scheme. The desatetlite
and thruster attitude is obtained from the Guiddunoetion,
which provides the needed thrust direction alongetiffihe
control function achieves the desired attitude snidches the
thruster(s) on/off.

For being the function really closing the loop fidtitude
control purposes, it is executed fully autonomousboard and
hence not included as a functional entity in thgtlDynamics
operations.

2.4 Propagation function

The Propagation function takes as an input dlisatstate
determined by the Navigation function, as well as ttiveist
profiles from the guidance function. It propagabesh state
vector and covariance matrix. The Propagation foncts
required in the ground segment as well as on-bbardatellite.

2.5 Collision Avoidance function

The Collision Avoidance function takes the propeda
trajectory and possibly covariance matrices andckcheor
collisions with external objects. An external sericevider is
usually required to perform an initial screeningsBd on the
result of the screening, each close approach éssed in detail.
This can be done on the basis of miss distancether
calculation of the probability of collision.

If a close approach exceeds certain risk paras)edetion is
required. If a detected threat allows for it, theefprred
emergency action should be to switch the electripypision
thrusters off for a certain period of time (to bamputed &
assessed by this Collision Avoidance function). @imergency
action is always calculated on-ground. When and héredr
not to execute the emergency action can be detednin
autonomously on-board or on-ground and is anotadetoff.



2.6 FDIR function

The FDI(R) function primarily compares the tra@g
flown with the desired state from the guidance fuoctif the
deviations from the desired state exceed a cettmashold,
electric propulsion is switched off until either osery is
performed, or after intervention from ground. THBI(R)
functionality is by definition implemented on-boardtut
recovery action can be performed from ground.

3. Implementation and Trade-offs

One of the main particularities of a transfer ghesecuted
by a low thrust actuator is that, due to the low llexfethe
acceleration, the satellite needs to propel itsgifasi-
continuously, with only quite short intervals durimpich the
thrusters may (or must) be off. The satellite polaance (i.e.,
eclipses) forces some of these intervals, some otlgit come
from operational reasons (f.i., eventual ranginggaigns) or
from other needs imposed by different sub-systeAGBQS
constraints violation, EP malfunction, etc.).

This fact has important consequences on at teasof the
functions explained in paragraph above:

- On one side, thavigation function needs to adapt to the

continuously changing orbit of the satellite. Cleak
approaches based on ground ranging are not diegmpljcable,
and would require a reliable alternative to feedsystem with
an accurate enough estimation of the satellitedtayy.

The main solution adopted for this purpose is uke of

GNSS receivers onboard, which would process GNSS raw

measurements in real-time, or store the GNSS measutsm
over some interval long enough to allow for the reglilevel
of state estimation accuracy. The post-procesditigese raw

data might then happen on-board (GNSS measurementd wou

be processed with the help of a Kalman-like filfer,instance)

or on ground (after downloading the correspondinga da

packages).

- On the other side, the accuracy offnepagation function
is greatly impacted by the level of predictabilityat could be
assigned to the EP thrusting errors. Since timedet contacts
to ground ranges from several hours to few dayssahetion
provided by the Propagation function might quicttggrade if
dispersions (i.e., unpredictable errors) as a resubw thrust,
orbit determination, or mismodeling are big enough.

The propagation function is an important input fbe

collision avoidance function, and both these functions are

discussed in more detail in the next two paragraphs.

3.1 Propagation Accuracy

The accuracy of propagation plays an importaté o
deciding the necessary frequency of ground stationact and
the frequency of re-planning the desired trajectomy thrust
profiles. It also provides an important input foetdesign of
the collision avoidance function.

The propagation accuracy is affected by threecssuof
dispersions:

- Orbit determination errors

- Maneuver execution errors

- Modeling errors

The first two sources completely dominate the ecle
orbit prediction accuracy: the impact of these muris
investigated for an exemplary orbit. An approximAt&ne 5
GTO was used for the analysis with the following otbita
parameters:

- Semi-major axis: 24338 km

- Eccentricity: 0.73

- Inclination: 6°

- Right Ascension of Ascending Node: 0°

- Argument of Perigee: 180°

- True anomaly: 0°

The errors resulting from an orbit determinatiane
dominantly in the radial and tangential directidfigure 2
shows the evolution of the standard deviation ofitorb
determination errors in the radial, tangential, malr plane,
over a period of two days. The peaks in the figuneespond
to perigee passages. The analyzed orbit deterromati
performance is comparable to GEO navigation perfooman
obtained with a GNSS receiver
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Fig. 2. Dispersions accumulated in radial, aloagk and normal
direction due to navigation errors in the ordeR6fm & 2.5 cm/s, &,
based on a full covariance matrix

In addition to orbit determination errors, errars the
execution of maneuvers have an even larger impaactrbit
prediction errors. Figures 3 and 4 show the evofutf the
errors due to thrust uncertainty in respectivelygnitude and
direction, over a period of two days. As evident fithi Figure
2, already after two days, extremely large orbitjtéon errors
in the tangential direction are observed.

These orbit prediction errors have several ingyurt
consequences. The first is that the executioneofttrust profile
becomes more erroneous as the orbit predictionrserro
accumulate. More, if considering the inertial ati
commands, it is clear that any deviation from theerided
position can cause the satellite to thrust in iasigly
erroneous directions. Having the satellite attitdel#éned in the
radial, tangential and normal reference frame plewian
improvement. A further and more significant improrhcan
be achieved by executing the thrust profile atenomaly-



tagged commands: the position of the satellitegatbe orbit is
used as an independent variable to determine thieg fi
direction from the thrust commands.
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Fig. 3. Dispersions accumulated in radial, aloagk and normal
direction due to thrusting errors in the order &0, I thrust level
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Fig. 4. Dispersions accumulated in radial, aloagk and normal
direction due to thrusting errors in the order &°01s off-pointing

Since particular orbit maneuvers are more effiicé certain
places inside an orbit (e.g. inclination changes arost
efficiently achieved at the node crossings), anrowement in
accuracy can be obtained for anomaly-tagged comsaahd
along-track error still accumulates, but it no lengauses the
thrust profile to become increasingly sub-optimdhe
advantage of this approach is that less frequejediory re-
planning on-ground is required. The disadvantagehe other
hand, is that increased on-board autonomy is redquand the
execution of the thrust profile requires a valid GN&ution
at all times.

The orbit prediction errors further have an intpot
consequence for the design of a collision avoiddnoetion,
as discussed in the following.

3.2 Collision Avoidance
Close conjunctions with external objects pose a nagé to
the satellite and collisions must be avoided with ktighest
priority. The general process for conjunction asslyand
collision avoidance considered in this work includeegular
screening by an external organization (e.g.
Conjunctions exceeding certain thresholds on mistamtces
are flagged and communicated to the satellite eperdahe
usual thresholds for LEO objects are 200 m radiad, 1000 m
overall miss distance, however, these thresholdsl nedée
enlarged significantly for a satellite subject timtinuous low
thrust. The flagged conjunctions are further aradyby the
satellite operator to identify the collision riskdadecide on
appropriate action to mitigate the risk.

The state prediction accuracy is an importanting decide
if, when and how to take action. As seen before, thee s
prediction accuracy decreases rapidly in time. Aigi@c to
perform a collision avoidance maneuver could beersaely
based on miss distances between the satellite amdtamal
object. The larger the uncertainty in the satelfitate, the
higher we should set the thresholds for miss digtsirt order
to safely mitigate collision risk. When using a Ipability of
collision figure to decide, the same reasoning iappihen a
maximum probability of collision figure is us&d

Figure 5 provides the results of an analysisttier classic

Ariane 5 GTO to GEO trajectory. The analysis consistied o

calculating the expected number of required colisi
avoidance maneuvers as a function of a thresholdadimal
direction, and a threshold in distance in the redatelocity
direction for flagging an event requiring a colisiavoidance
maneuver. An open database of approximately 15kctshja
Earth orbit was used. Although not visible from tigeife, over
90% of the flagged events take place in the fiest veeks of
the transfer, when the perigee is still below 2000 km
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Fig. 5. Expected number of collision avoidance ewsers as
function of the radial distance and distance in thlative velocity
direction at TCA.

Combining the results from Figures 3-5 we can batethat
the earlier a decision on a collision avoidance enaer is
taken, the larger the required thresholds on s@pardistances
should be, resulting in a larger number of collis&voidance
maneuvers along the trajectory. If the miss distaacsmaller

JSpOC).



than the state uncertainty, we cannot be sure thabltisions

occur, and hence, with larger state uncertaintygelamiss
distance thresholds are required to safely mitigaliésion risk.

If the decision on the execution of a collision iaamce
maneuver can be delayed until shortly before thgurmtion,

a significantly smaller number of collision avoid¢a@mmaneuver
is required. Based on the results of the expectedagation
accuracy, a trade-off can be performed between dirg n

time that a decision on a collision avoidance maaeis taken
and the expected number of such events that odong ¢éhe
transfer.

Taking an early decision allows for a ground-ie-thop
architecture with (relatively) sparse ground stat@mmtacts.
However, many collision avoidance actions may beiredu
along the transfer, negatively impacting the doratof the
transfer. Also the calculation of collision avoidermaneuvers
may be more complicated in this scenario, as aisawil
avoidance action is more likely to result in a el@®njunction
with another object.

Taking a late decision, on the other hand, regugither
continuous ground-station contact or a form of @rdo
autonomy in deciding whether to execute a collisienidance
maneuver (the actual maneuver can still be compoted
ground). The former significantly increases opersi costs,
whereas the latter introduces additional developroesis and
provides a definitive need for an on-board GNSS vecei
Additionally, increasing onboard autonomy
associated with increased complexity and hence risk.

There is another important factor separatingyeanid late
collision avoidance maneuvers. An early maneuver thas
advantage that a larger separation distance caachieved

using a smaller maneuver size, whereas a much large

maneuver is required for a late maneuver. The pedeourse
of action for a low-thrust transfer is to simply st off the
engine for a certain amount of time in case of ltigltision risk.

We provide the results of an exemplary analylsé& tvas
performed to identify the impact of switching theyere off for
30 minutes on the radial and tangential positidfedince at
the time of closest approach (TCA). The analysisitared a
continuous acceleration of approximately 0.2 niratding on
the spacecraft during the transfer, with a thrustfijer
characteristic of a low-thrust transfer.

Figures 6 and 7 show the impact when the engiswitshed
off respectively 2 and 12 hours before TCA, in eeabe for a
period of only 30 minutes. The investigation coresida TCA
at various true anomalies (as shown on the y-aki®).green
bars in the figures correspond to altitudes beloWw02km,
which is where most of the conjunctions occur.

Although only one example case is shown, the figatearly
show that an action as simple as switching off thgirencan
lead to significantly increased separation distaratel CA and
such course of action appropriately avoids clogg@grhes in
most cases. It also shows that also a late dedisidy 2 hours
before TCA in this example) can lead to a large ghou
separation distance (i.e. the state predictionni@iogy is much
smaller 2 hours into the future). An early decis{@2 hours
before TCA) leads to a much larger separation digtawhich
corresponds well to the need for a larger separdigtance, to

is usually

counteract the limited orbit prediction accuracy.
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4. Conclusions

This paper has discussed several consideratiosspport
the design of an operational concept for flight atyics of a
low thrust transfer. The flight dynamics concept sists of
several functionalities and each of the functidredihas been
discussed on a general level. Several trade-oéfseuired to
arrive at a particular operational concept for & lthrust
transfer.

Two important drivers for the design of the opiersl
concept were identified:
determination and prediction accuracy plays an @b role.
It is a key factor to decide the frequency of gmstation
contact with the satellite, as well as the frequen€yre-
planning the trajectory and steering laws. The amouris
driven by the navigation concept on the one handitlae thrust
uncertainty on the other hand.

In terms of collision avoidance, several consitiens have

on the one hand the orbit



been discussed, most notably the point in time athvia
decision to execute a collision avoidance maneisviatkken, as
well as whether to take this decision on-ground or
autonomously onboard the satellite.

The exemplary analysis showed that both appr@acha
result in valid concepts, to be decided on in ddraff. Since
the actual size of the state prediction accuralg, dctual
acceleration on the spacecraft, as well as thecpéatitransfer
scenario play an important role in the correspogdinalysis,
neither method is unambiguously better than theratiethod,
and the particularities should be considered oasa-by-case
basis.
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