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Abstract
The SentineB satellites fly around the Earth on a Symchronous orbit with a repeat cycle of
27 days and cycle length of 385 orbits with the requirememtsitotaingroundtrack deviation
at all latitudes within +1 km of the reference ground track and the Mean Local Solar Time
(MLST) deviation at the ascending nodes within +90sec from 22:00. This paper describes the
current strategy for the orbit control of the Sentidshtellites at EUMTSAT including trade
off between minimization of number of eatf-plane (OOP) maneuvers and fuel consumption,
how the number of iplane (IP) maneuvers are minimized accounting for the observed orbit
propagation uncertainties and addressing the contildlfabf the orbit eccentricity with the
limitation that IP maneuvers are placed within eclipse.
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1. Introduction

The SentineB mission is part of the Copernicus programme of the Earo@®@mmission and
provides data continuity for the ERS and Envisat satellites. Its space segment consists currently
of two identical satellites launched in 2016 and 2018 on a Rockot launcher from Plesetsk
Cosmodrome.

The SentineB satellites fly arounche Earth on a Susynchronous orbit with a repeat cycle of

27 days and cycle length of 385 orbits with the requirements to keep grackdieviation at

all latitudes within 1 km of the reference ground track and the MLST deviation at the
ascending nodesithin £90sec from 22:00. An OOP station keeping maneuver is performed
every three or four months and an IP maneuver every two to ten weeks depending on the level
of solar activity. For these station keeping maneuvers, Sefltisalellites are equippedttv

two sets of four 1IN monopropellant hydrazine thrusters.

The EUMETSAT orbit control strategy is driven by the following considerations:

- minimization of the number of maneuvers, especially OOP, as they have a higher impact on
mission data availabilit with the constraints that OOP maneuvers, including their gore
postmaneuver slew, shall be performed within eclipse due to certain plattorstraintsvhile

aiming at the same time to optimize fuel consumption;

- maintenance of the orbital ecceaitly as close as possible to the reference frozen eccentricity,
respecting at the same time the recommendation to implement IP maneuvers as well within
eclipse, to reduce their impact on mission (no visible channels acquisition);

- maintenance of MLST iautomatically controlled in the short term due to the tight ground
track control however strategies leading to long MLST drifts are to be avoided or monitored.

2. OOP maneuvers

The OOP maneuvers are needed to correct the inclination drift caused lyeug and Moon
attraction forceThe minimum number of OOP maneuvers per year is slightly below three as
the maximum orbit inclination change that can be implemented by a single maneuver is limited
to around 2.3m/s due to the requirement that the satghidundtrack shall be maintained
within a corridor of +/1km. In practice, this limit is reduced when accounting for the
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operational constraints of implementing maneuvers during week days, typically in the middle
of the week, and the sheadrm variatios of the groundrack deviation evolution caused by the
Moon attraction force.

Figure 1 shows the required thrust duration as a function of the velocity increment and the
pressure in the tank during the satellite lifecyétegure 2 shows the available arwithin
eclipses along the year for thrusting accounting for theeffee platform rotation required
before and after the maneuver as well as accounting for the margins defined by the satellite
manufactureand Figure 3 shows the evolution of equivale@ximum achievable impulsive
velocity increment at the ascending nodes fulfilling the eclipse constraint.

Fig. 1. Thrust duration as a function of the velocity increment and the pressure in the tank
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Fig. 2: Available time within eclipse for thrustirajong the year
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Fig. 3: Equivalent maximum achievable impulsive d&ftevithin eclipse
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On top of the eclipse constraint, an additional constraint has been recently imposed by the
satellite manufacturer to prevent the temperature of tharfdidrain valve (FDV) from exiting
safeconditions From Figurel, Figure2, Figure 3and this additinal constraint, it is inferred

that:

- during the first one or two years of operations, it is possible to have an average of around
2.6maneuvers per year although a fixed yearly pattern for the dates of the OOP
maneuvers is deemed more beneficial for plagpurposes and therefore 3 maneuvers
per year were implemented for Senti3& and is currently being implemented for
Sentinel3B;

- 3 OOP maneuveigeryear strategy is possible until 2022 for both sentB#eland 3B
satellites when tank pressure shouldbmund 14bar;

- 4 OOP maneuveigeryear strategy is possible until the end of the lifetime of 12.5years.

Figure4 shows the maneuver efficiency for a single OOP maneuver accounting for spreading
and offnode positioning required to meet the eclipsastraint as a function of the day of the
year and the maneuver duration.

Fig. 4: Maneuver efficiency as function of the day of the year (DoY) and maneuver duration
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With the information available in Figute the constraint of 15minute duration peaneuver
and the inclination rate evolution it is possible to estimate the best combination of maneuver
days and sizes in the case of 3 and 4 maneuvers peFigae 5 depicts the algorithm used.

Fig. 5: Algorithm used to find optimal maneuver locatand size
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Here are some extra details on each of the steps shown in algorithm of Figure 5:

a) Set *'mano DoY day of year (DoY) for ¥ maneuver within the year is defined within
a loop. Holiday period around the beginning and the end of the y&aped.

b) Set £ mano D/: maneuver delt¥ is defined within a loop accounting for the total
number of maneuvers per year and the total déltequired within a year.

c) Compute T mano efficiencyi® maneuver efficiency is computed based on its size and
its DoY that provides the information on the available arc within the eclipse.

d) Select next manmext maneuver within the year is selected within a loop ranging from
2 until 3, in the case of 3 maneuvers per year, and until 4, in the case of 4 maneuvers
peryear.

e) Set DoYmaneuver DoY is selected within a loop ranging from a minimum separation
of 1 month with respect to previous maneuver and maximum separation driven by the
inclination rate evolution.

f) Set DV:maneuver delt®/ is defined within a loop accoung for the total number of
maneuvers per year and the total d¥lteequired within a year.

g) Compute maneuver efficiency: maneuver efficiency is computed based on its size and
its DoY.

h) Compute yearly efficiency: as the product of the efficiency of all nnaers.

i) Keep optimal solution: for eachi'inanoeuvre DoY, keep the combination of maneuver
sizes and DV which provides higher yearly efficiency.

Figure6 and Figurer showsthe most optimal location and sizes for 3 and 4 maneuvers per year
as a functiorof theday of the year (DoYf the first OOP maneuver withtheyear.

Fig. 6: Most efficient maneuver dates and sizes as function of the day of the yeao{DheY)
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Fig. 6 (Cont.) Most efficientmaneuver dates and sizes as function of the day of the y
(DoY)of the 2*OOP maneuver witB OOP maneuvers per year
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Fig. 7: Most efficient maneuver dates and sizes as function of the day of the yeao{DheY)
13tOOP maneuver with OOP maneuvers per year
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Fig. 7 (Cont.) Most efficient maneuver dates and sizes as function of the day of the
(DoY)of the 2*OOP maneuver with OOP maneuvers per year
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In order to have a more homogeneous operational workload along the year Satamel
Sentinel3B OOP maneuvers have been decoupled. Sef®kahaneuvers are currently
performed around DoY 75, 250 and 350 and Ser8Bahaneuvers are performaundDoY
40, 100 and 290 (the most efficient).

3. IP Maneuvers

The IP maneuvers are needed to correct the-s&jur axis decay caused by the atmospheric
drag. A prograde IP maneuver of 2mrnosicm/s is needed every twmtenweeks depending

on the level oflie solar and geomagnetic activity governing the atmospheric demsitye |
ideal case of having norbit prediction error, each prograde IP would be sized to hit the
westernmost limit of the grourtdack corridor Figure 8 shows this ideal scenario withotbit
prediction error.

Fig. 8: Ideal in-plane statiorkeeping cycle for different levels of solar activity: number of
days between IP maneuvers (left), semjor axis decapetween IP maneuvefsenter) and
deltaV (right) vs semmajor axis decay rat
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Figure9 shows the orbit prediction errobservedor the last two years of operations of the
Sentinel3A satellite.

Fig. 9: Sentinel3A orbit prediction error
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In order to minimize the number of IP maneuvers, the target westernmost point of the ground
track deviation is optimized accounting this observed longerm propagation uncertainties
modelled as a Gaussian distributidfigure 10 show the optimal targdor low solar and
geomagnetic activity.

Fig. 10: Optimal target westernmost point
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As it can be seen in Figure 10, the higher the atmospheric density, the highersgemaxis
decay rate, the shorter nominal IP stafi@eping maneuver cycle and the smaller orbit
propagation error (that grows with time) allowintpegeting of the of the westernmost point of
the grounetrack deviation closer to the limit eftkm.

The presence of an OOP maneuverthe near futureand before the end of the planned IP

stationkeeping cycle will modifythis optimal target of the westernmost poof the ground

track corridor. In this case the objectiveeitherto maximize chances teemain within the

groundtrack corridor orto target null groundrack deviation with respect to the nominal

groundtrack at the time the next OOP maneuyvenecessaryo maximizeOOPdeltaV size.
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A new IP statiorkeeping cycle is then initiated with ti@OP maneuver thanks to the small
yaw bias applied to the platform with respect to 90deg (pure OOP maneuver).

4. Orbital eccentricity

The IP maneuvers including their short, but required by the platformapdeposimaneuver

slews are executed within gide in order to reduce their impact on the instrument visible
channels data acquisition. This constraint reduces the controllability of the orbital eccentricity.
The pre and postmaneuver slews are needed to pause and resume the satellite yaw steering
atiitude law as the platform is designed to implement IP maneuver in geocentric pointing mode
without yaw steering. This operation consumes time and reduces the available arc within the
eclipse for the actual execution of the IP maneuver. The shorter tiebbesarc within the
eclipse the less control there is on the orbital eccentricity. It is, however, possible to mitigate
this reduction on controllability of eccentricity notably by commanding a yaw bias that
coincides with the rotation angle of the noaliplatform yaw steering at the predicted start
time of either the preor postmaneuver slew as this shortens the angular rotation and the time
required for it. Figure 11 shows an indication of how much time can be gained by following
this approach by regting the rotation required after the maneuver.

Fig. 11: Attitude error (commanded vs actual angle) for two IP maneuvers with\delta
aligned with the alongrack direction (on the left) and aligned with the nominal yaw steering
law at the time of thpostmaneuver slew (on the right). Vertical straight line represents the
maneuver time and dashed vertical lines the prel postmaneuver slew start and
theoretical end times including tranquilization times
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The IP manoevers are then placed at thest optimal or less suboptimpbint within the
eclipse and are normally executsigortly beforegroundtrack deaeband is violated at low
latitudes, however, at times, thegn be performed a few days or weeks in advanaader to
select a more favobdée position of the eccentricity circle. Figui® shows three different
simulations of the evolution of treccentricity making use of 50% aii@% of the eclipse and
allowing maneuver dates to hdvancedip to a week.
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Fig. 12 Eccentricity evolutiorwith IP maneuver placed within 50% of the eclipse arc (left)
and 75% of the eclipse arc (right) and allowing in addition maneuver dates to be advanced up
to a week (bottom plots)
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5. MLST

The MLST control requirement af90secwill be fulfilled automatically for many years by
respecting the ground track requirementbfkm with the OOP maneuver strategy described
in section 2. Figure 13 shows a simulation of the MLST deviation evolution.

Fig. 13: MLST deviatiorevolution

If necessary, it will be possible to reduce this MLST drift by tweaking OOP maneuvers in size
and date thus deviating slightly from the optimal strategy described in section 2.
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