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Abstract: The 17" of September 2012 the second Metop satellite (Metop-B) was successfully launched
from the Baikonur cosmodrome by a Soyuz/Fregat launcher. After three days of LEOP (Launch and Early
Operations Phase), performed by ESOC, the satdlite was handed over to EUMETSAT, who since then
has being taking care of all satellite operations, including SOV (System in Orbit Verification) of the
platform and of the 11 instruments on-board. In order to acquire the orbit selected for operations a
simple strategy was developed by ESOC and EUMETSAT; details on that strategy can be found in an
ESOC paper presented on this same conference. Few challenges were identified on the foreseen SOV
operations for 5 possible launch dates starting from the 17" of September, which required more detailed
analyses by EUMETSAT. This paper presents the outcomes of these analyses focused on:
characterization of the propulsive system efficiency, acquisition of frozen eccentricity in case of large
injection error and management of radio-frequency interferences between the two Metop satellites. A
summary of the Flight Dynamics operations performed by EUMETSAT during Metop-B SOV to acquire
its operational orbit is also provided, to show how the outcome of the pre-launch analyses is applied in
the real operations.

Keywords. Metop, orbit acquisition, thruster performances, radio-frequency interferences.
1. Introduction

Metop constitutes the space segment of the EUMETBAIGr System (EPS). The EPS is the European
contribution to a joint European-US polar satelBistem called the Initial Joint Polar System (MPS
EUMETSAT has the operational responsibility for tmerning orbit, where the Metop-A (launched in
2006) and Metop-B satellites are currently locatelile its US counterpart, the National Oceanic and
Atmospheric Administration (NOAA), is responsibler fthe afternoon orbit, covered by the NOAA-18
and NOAA-19 satellites.

In the frame of the EPS program an in-orbit phasieparation between the two Metop satellites of
+173.8deg is selected for the operational phasg;abcounts for the given EPS system constraimts (o
data acquisition, processing and distribution) aeguirements (same reference ground-track), which
ensures at the same time maximization of data éapm by the users. Moreover, in order to be dble
launch at any date with no collision risk betweka two satellites, an injection orbit 16km belove th
final operational one (the same where Metop-A Btgslis currently flying) was selected for Metop-B

This difference in altitude provides a large refatidrift in in-orbit phasing between the two Metop
satellites, which can be used to bring Metop-B itéatarget orbital location. As the orbital phabet
required to acquire the final in-orbit locationdiéferent for different launch dates (same in cgnsition

at injection for Metop-B, while Metop-A positionsi@anges every day within the 29 days repeat cycle),
the duration of the drift phase depends on thedawate itself as well as on the injection errolager
drift is induced by a lower injection altitude dte a launcher underperformance, the opposite for an
overperformance). An adjustment of the drift magréfore be required during LEOP to make sure that
the target in-orbit location is reached between rdl 44 days after hand-over of operations to
EUMETSAT, as required not to conflict with criticsBlOV operations (service module routine



commanding initialization and attitude bias removahstruments switch-on, out-gassing and
decontamination); once the target is reached &stop maneuver is executed during SIOV, followgd b
a touch-up maneuver on the following day to compenfr execution error of the drift-stop.

2. Metop-B operational orbit acquisition strategy

In order to achieve the proper local time Metop-& Ho be launched exactly when the launch site
location (Baikonur) crosses the target orbital plahat happens once a day at ~16:28:40 UTC. tlojec
takes place ~69 minutes after launch, so at ~1453W@TC, close to the southernmost point of thetorbi
(Ref. [4]). As Metop-A flies on an orbit with 29 yiaof repeat cycle for 412 revolutions (14+6/29itsrb
per day), then its in-orbit position changes depemndn the selected launch date (with a repletiaiepn

of 29 days, obviously). Being the two target inibgiositions possible for Metop-B at +173.8deg with
respect to Metop-A position, then the angular s#jpmr between injection and targets position for
Metop-B also changes depending on the selectedheadaie.

Metop-B is injected in an orbit lower (nominally Kif) than the operational one where Metop-A is
operated; therefore an important relative drifinirorbit position (nominally of 16.8deg/day) is einged.
Metop-B will then get naturally, sooner or lateepgnding on the initial angular separation from the
targets (depending on the launch date) and on ¢la¢ arbital drift (depending on the launcher
performance, which may cause error in the injectiprto +/-8km), into its target location; at thisit it

is sufficient to perform an orbital maneuver tonlrits altitude to the operational value and thé dr
stopped. The target orbit is acquired.

Unfortunately it is not possible to execute thdteériop maneuver at any point in time, due to ofie@nal
constraints deriving from the platform and thernumstent SIOV activities:

1) Instrument decontamination starts 7 days afterafride LEOP phase (so-called hand-over) and
lasts 3 weeks; no contamination is acceptablednabt 2 weeks of the decontamination and the
longer is that period, the better; therefore thé-gtop maneuver shall be executed as soon as
possible and in any case not later than 14 dags laéind-over.

2) Some time is needed by EUMETSAT on one side tooperfinitial operations on the platform
(fine adjustment of the attitude bias of the platfdo align it properly to the operational piloting
frame), on another to properly initialize the flighynamics and mission planning processes; two
days are required to acquire perfect knowledge hef satellite orbit using data from the
EUMETSAT ground stations (necessary for preparhmg maneuver) and two days are needed
between ingestion of the maneuver in the missi@mmphg and its execution (as 37 hours of
operations in advance are planned). Consideringylfat the preparation of the maneuver itself,
then the drift-stop maneuver shall be executedadter than 5 days after hand-over.

ESOC shall therefore ensure during LEOP, by exeguif necessary, a maneuver to adjust the orbital
drift, that the satellite reaches at least onédhefttvo targets within the time window describedehainove
(so called SIOV maneuvering window). Moreover, fillowing optimization criteria are imposed:
1) Fuel consumption shall be minimized.
2) Time to target shall be minimized; to be pursuely dmot causing any fuel penalty.
3) Radio-frequency interference with Metop-A shalldmided; to be pursued only if not causing
any fuel or time to target penalty; interferences @served when Metop-B goes during the drift
over the Metop-A orbital position (explained monedetail in paragraph 3.3).

Based on the computation of the time needed bygakalite to naturally get to target (two times fao
targets) it is possible to identify 4 different saeos, depending on launch date and injectiorr efileese
scenarios are depicted in Fig. 1 for a nominalcimp@ case; numerical values presented here belew a
computed for this case too:



A) Metop-B gets to target (for at least one of the targets) within SIOV maneuvering window; no
need of performing any drift adjustment maneuvernnduLEOP; Metop-B from -69.8deg to
93.9deg with respect to Metop-A position at timeewESOC maneuver is foreseen (2.5 days
after injection); interferences observed for initiagative separation.

B) Metop-B gets to target too early (for both targesJOC shall perform a maneuver to slow down
the drift to get to target, T1 or T2, 5 days aft@nd over (no fuel penalty and time to target
minimized); Metop-B from 93.9deg to 173.8deg (lématof first target, T1) with respect to
Metop-A position at time when ESOC maneuver isfeen.

C) Metop-B gets to target too late (for both targetSpOC shall perform a maneuver either to
accelerate the drift to get to the first target, 14 days after hand-over (with minimal fuel
penalty) or to reverse the drift to get to the sectarget, T2, 14 days after hand-over (with
minimal fuel penalty), whatever is fuel optimal; case both options present the same fuel
penalty, the reverse drift one shall be preferrasl €nsuring no interference); for nominal
injection, Metop-B from -69.8deg to -173.8deg (lima of second target, T2) with respect to
Metop-A position at time when ESOC maneuver isfeen.

D) Metop-B gets to one target too late and to therotbe early; that happens when Metop-B is
between the two targets at time when ESOC manasifereseen; that case can be handled either
as the B or the C (reverse drift) case.
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Figurel. Metop-B target acquisition scenarios
More details on that subject can be found in an E®@per presented to this same conference (R&f. [1]
3. Overview of pre-launch analyses
3.1. Characterization of the maneuver execution error
In those cases when the Metop-B satellite is impgtotery close to its target in-orbit positions, the
maneuver required during LEOP is very large, asdifife to be implemented is extremely small, not to

get too early on target. It is clear that everttelerror in such a large maneuver is sufficientteate a
relatively very large error in the achieved drifidathen in the time required to get to target.



This situation could have been observed, for irstafor a launch on the 2 bf September. For that date
the separation in in-orbit position between the dpeB satellite at injection and the two targets is
respectively of ~63deg and ~75.5deg. Assuming g kaege underperformance (8km below the injection
orbit, so 24km below the operational one, causi2®. 2deg/day of drift in orbital position), the segtéon

at the time when ESOC performs the drift adjustnmeameuver (2.5 days after injection) is ~0deqg fer t
first target and of only ~12.5deg for the second;dhe first target cannot be anymore reachedeén th
desired time window and the second one has tolbetsd. A maneuver of ~11.5m/s is needed to reduce
the drift to the value of ~2.3deg/day needed fdtinge into the second target not earlier than Ssdafyer
hand-over. Note that around 91% of the drift isoedled out and that the residual drift is then gginall.

An error of ~5% on that maneuver, value providedheyspacecraft manufactured as expected onedor th
first maneuver, correspond to an error of ~50%henacquired drift: that causes an enormous errtirein
time to target: the satellites gets in target ~&ags later in case of overperformance and ~2 dagliee
(only three days after hand-over) in case of uretéopmance. If a later time to target is selected,
mitigate the effect of an underperformance, thengénalty in case of under and over-performance get
even larger; targeting for instance 9 days aftardhaver, then the delay to target in case of 5%
underperformance gets to ~4.5 days; that is stdeptable as we get in target ~4.5 days after bapd-
violating only marginally the 5 days constraintwaver, an overperformance of 5% causes a delay of
more than three months in the time to target, djgerally unacceptable; this case is presenteddn Ei
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Figure2. Target acquisition plot: evolution before propulsion characterization

Detailed analyses were performed to better chaiaetthe expected performance of the platform iseca
of maneuver executio model of the propulsive system was created itldbataking into account:

o Force generated by each thruster in the sateléitad as function of the tank pressure (function of
the fuel on-board) and of the thruster alignmegitgh from satellite database).

¢ Torque generated by each thruster in the satéfiitee as function of the force generated (bullet
above), of the thruster location and alignmentdtaftom satellite database) and of the location
of the centre of mass (reference value considered).

e Expected off-modulation of the selected main prsjou thrusters (always two thrusters are
commanded at the same time for propulsion, eachgenerating at the same time a torque in
yaw) to maintain torque equilibrium in yaw.

o Expected activation of the pitch and roll attitummtrol thrusters to maintain torque equilibrium
in pitch and roll.

In order to compute reliable values of the expegedormances it is necessary to apply represeatati
errors to the elements with higher uncertainty,@@&M location and the thruster alignments; thersrio
the thruster locations and were considered to bewdr importance and therefore not modeled. A rabrm
distribution of the errors was then generated th#dse characteristics:



e 0.005 meters (1 sigma) in for the COM location ambthe reference position.
o 0.1ldeg (1 sigma) for the alignment of each thruasteund the reference alignment.
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thrusters; the resulting distribution is Figure 3. Distribution of propulsion forceerror
shown in Fig. 3.

It is interesting to notice that the resulting diaition is no more a normal one. That is linkedhtav the
attitude control thrusters in pitch are mountedthbpositive and negative control thrusters are Ilgear
perfectly aligned with the anti-velocity directiocgusing therefore a systematic underperformancasa

of maneuver in the velocity direction (positiveatition in the satellite frame correspond to antbeity);

the rate of activation of these thrusters depenthempitch torque generated by the propulsion terasit

can be concluded that the probability of havinguaderperformance when performing an orbital raise
maneuver is much larger than the one of havingvanperformance. Being the reference force of around
-18.3N, the distribution is then contained betweeh5% underperformance (in line with the value
provided by the satellite manufactured) and ~0.4%rperformance (one order of magnitude lower); if a
2% underperformance is assumed a-priori that is/atgnt to an execution error of only ~2.5%.

That makes possible to consider strategies redubmgltitude offset with respect to the targetitaxda

very small value with much reduced risk of havihg satellite stranded with an insufficient resicusft

in case of overperformance. Coming back to thereefie case above, a 0.5% overperformance causes a
delay to target of only of ~1 days if 9 days aft@nd-over is considered as time to target, abdplute
acceptable operationally, as we get on targeteeller than 14 days after hand-over, as in Fig. 4.
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Figure 4. Target acquisition plot: evolution after propulsion characterization

Further optimization could be performed, if desjredcancel out the marginal violation still obssshin
case of underperformance, thanks to the marginsavailable in case of the overperformance.



3.2. Acquisition of frozen eccentricity in case of large under performance

In those cases when the Metop-B satellite is iegbcfuite far away from its target in-orbit posispmo
maneuver is required during LEOP, as the natuitiligisufficient to get on target within the dexirtime
window. The entire correction in semi-major axiguieed to acquire the operational altitude when on
target is therefore executed during SIOV. Howeeeen if the propulsive system would be capable to
fully correct the altitude (the platform can exexdbuble-burn in-plane maneuvers providing a Délta-
of ~6.4m/s per burn), that is not necessarily fanghe eccentricity.

This situation could have been observed, for ircstafor a launch on the 1®f September. Assuming a
very large underperformance (8km below the injectidbit, so 24km below the operational one) coupled
with a relatively large error in eccentricity (up@.0011), then the orbit presents a relative perigB2km
and a relative apogee ~16km below the nominaludkit(Clohessy-Wiltshire notation is used here,
described in Ref. [5]). Two maneuvers respectiwfly8.4m/s and ~4.2m/s would be required to correct
at the same time the altitude and the eccentrititye size of the first maneuver is however outsice
capabilities of the platform. Please note that phesented case is not to be considered statisticall
irrelevant (both errors close to their expected imax), as a strong cross-coupling can be present
between the two errors, for instance when the upddormance is caused by an incorrect execution of
the circularization burns performed by the Fregatute of the launcher.

Two options can be foreseen:

1) Wait for the satellite to get to the target-grouratk (in the case under analysis ~11 days after
injection), and then perform a double-burn manevéc3m/s per burn) to bring the altitude to
the nominal value, and stopping therefore the aklitift (drift-stop maneuver); the eccentricity
is left unaffected (relative perigee ~8km below amthtive apogee ~8km above the nominal
altitude). On the following day perform another Himiburn maneuver (~2.1m/s per burn) but
with burns in opposite directions, in order notmodify the altitude and to bring the eccentricity
to the nominal value; this maneuver is also usedotapensate for execution errors in the first
maneuver (touch-up maneuver); this strategy, caltétdstop is depicted in Fig. 5.

2) Few hours before the satellite crosses the tangeing-track perform a double-burn maneuver;
one maneuver (of ~6.4m/s) corrects as much aslpestie relative perigee of the orbit (so
~24km out of the initial ~32km) and the other onE~4.2m/s) corrects fully the relative apogee.
A residual drift is created by the remaining diffiece in altitude (~4km), which brings the
satellite in target after several hours: being tbeidual altitude offset, and then the induced
orbital drift, much smaller (~1/6 of the initial &), a much larger time (six times more) is
needed. When the target is reached, a single baneaver (of ~2.0m/s) is executed to stop the
drift and, at the same time, acquire frozen ecastytiby fully correcting the relative perigee; hi
strategy, called dog leg, is depicted in Fig. 6aae with 2 days time between the two maneuvers
is considered (drift stop 8 hours before nominaksing of the target ground-track).
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Figure 6. Dog-leg strategy

The drift-stop strategy presents a clear fuel ggnaith respect to the dog-leg one (~4.2m/s in¢hse
taken into account). Furthermore, other operati@moaisideration may also help in selecting the bette
strategy for cases not so clear (lower or no feaigity):

As the touch-up is meant to re-align the real Beepost-maneuver evolution with the one
foreseen before the maneuver execution itselfetiemormally no need of re-planning of the
post maneuver activities to account for the dtifipsexecution error. That is however true only if
the drift-stop execution error is not so big tha maximum allowed time-difference between
foreseen and real post-maneuver evolution is reabbére the execution of the touch-up itself.
Assuming a 2.5% error (2% underperformance takes@ori value, as described in paragraph
3.1), ~10 seconds of error are accumulated befareekecution of the touch-up one day later.
That is operationally unacceptably high (normalhfyofew seconds are tolerated); the drift-stop
strategy is acceptable only in case a small digjp-snaneuver is needed or calibrated thrusters
are used.

The need of using for the touch-up a non calibratedster to correct for eccentricity may
seriously affect the accuracy of the acquisitiohliging therefore the operator to perform a
further ground-track maintenance maneuver shofter éhe touch-up. SIOV constraints requires
a period of around 4 to 5 weeks without maneuviar afcquisition, which would be difficult to
ensure; the drift-stop strategy is acceptable dnilge size of the touch-up is small (no need to
correct for eccentricity).

Due to the normally large size of the second mameaxecuted in a dog-leg strategy re-planning
before execution of the second maneuver is normativired (assuming that only one maneuver
at a time can be handled by the mission plannistesy, which is the case for Metop); that forces
to increase the time between the two maneuversy& donsidered in the case presented above);
acquisition of target orbit is achieved slightiytelathan with the drift-stop strategy. Dog-leg
strategy is acceptable only if postponement off fimkit acquisition is acceptable.

The dog-leg strategy ensures a certain robustrggsash execution error of the first maneuver,
which translates into a slightly earlier or lateraal on the target ground-track and then on the
execution time of the second maneuver. Moreoversttond maneuver is always executed with
calibrated thrusters, ensuring good accuracy ofcatien and of the resulting acquisition.
Nevertheless the drift-stop strategy presents nidyrbatter accuracy in the final acquisition as
the touch-up is normally smaller than the secondeuger of the dog-leg.

Selection of the strategy to be implemented opamatly is therefore a not so simple trade-off eis&c
strongly depending on the orbital conditions atdtjpn and on what was executed in LEOP.



3.3. Radio-frequency interfer ences management

As the two Metop satellites are identical, radieguency (RF) interferences can be observed whenever
the two satellites are too close as observed frayroand station (GS); that happens for instancenwhe
Metop-B is injected in an orbital position behindetdp-A and a forward drift strategy is selectede(se
scenario A and C in paragraph 2); Metop-B has &rtake therefore Metop-A, getting therefore soelos
to it that the two satellites are seen from groahthe same azimuth and elevation. These interfessn
may jeopardize the capability of safely operatinthisatellites at the same time.

Several interference cases can be identified dwi@QP:

1) The TM of both satellites is received at the saime tin a LEOP GS; that happens whenever
Metop-A as seen from a LEOP GS has an angular agpaiower than 3.0deg from Metop-B;
Metop-B TM is jammed by Metop-A TM and LEOP operateSOC in this case, is blind. This
case is considered of high criticality as endamggtte operations of the satellite in LEOP.

2) The TM of both satellites is received at the saingetin a EUMETSAT GS; this case is
symmetrical to the one above and EUMETSAT is bliflgis case is considered of low criticality,
as TM for the Metop-A satellite can be safely ooikel from the stream multiplexed in the X-
band downlink, containing the instrument data.

3) The telecommand carrier sent to Metop-A from a EUSET GS is received also by Metop-B;
that happens whenever Metop-B as seen from a EUMETSS has an angular separation lower
than 3.2deg from Metop-A. This case is considefddgh criticality if Metop-B is in visibility of
a LEOP GS; any carrier sent to Metop-B from the BEGS would be unlocked by the carrier
from the EUMETSAT GS and any on-going commandingide interrupted, endangering the
operations of the satellite in LEOP. Being the EUMBAT prime GS located in Svalbard and
two of the LEOP GS being in Alaska and in Kiruriettis nearly always the case.

4) The telecommand carrier sent to Metop-B from a LE&® is received also by Metop-A; this
case is symmetrical to the one above and EUMETS#iincanding may be affected. This case is
considered of low criticality, as Metop-A disposdsaround 36 hours of on-board autonomy.

5) The ranging tone sent back by Metop-A to a EUMETS#AAtion performing ranging is also
received by a LEOP station while performing rangmg Metop-B; that happens whenever
Metop-A as seen from the LEOP GS has an angularaeépn lower than 22deg from Metop-B.
The reason why interference in ranging can be @bdewith such a large angle is that range
measurements are much more sensitive to extermalrpation than TM or telecommands: a
small parasitic signal can be easily filtered outtle TM receiver in the station or by the on-
board transponder as is done with the noise (sigoak to noise), but may still cause a large
error in the timing measurement of the ranging t(signal added to noise). Again, due to the
large overlap in visibility between the LEOP GS ahd prime EUMETSAT GS, concurrent
ranging is the most current case. This case isideresl of high criticality as ranging data are of
paramount importance during a LEOP.

6) The ranging tone sent back by Metop-B to a LEOPp@®orming ranging is also received by a
EUMETSAT GS while performing ranging on Metop-A;ighcase is symmetrical to the one
above and EUMETSAT ranging may be affected; Thiseda considered of low criticality, as
Metop-B disposes of GPS data for orbit determimatio

It is clear that, in order to implement adequaterafional countermeasures it is necessary to hawes a
clear as possible picture of the possible interfees in the future. For this reason a dedicatedwas
developed within the Flight Dynamics system. Tloatl takes as input the operational orbit of the two
Metop satellites and computes, for all the GS iifiedt the following:
A) Interference events, defined as the time interdaling which the estimated angular separation
(as seen from the considered GS) is below a givesshold (which could be station dependent);




S-band (a single event is sufficient to cover bbih and tele-command interference, being the
two thresholds very similar) and ranging interfeeevents are considered during LEOP.

B) Interference period, defined as the interval betwibe start of the first interference event and the
end of the last one.

C) Clean visibility events, defined as the intervaithim the interference period where a spacecraft
is seen from a GS without interference with theeotbatellite. These events are computed for
selected GS (nominally the EUMETSAT ones) and fgivan satellite (hominally Metop-A).

The following operational rules can therefore beves:

e Whenever an S-band interference event on a LEOR @8ntified, Metop-A S-band transponder
must be muted, to mitigate the risk from interfeerase (1); moreover it is recommended to not
to perform commanding on Metop-A, to avoid the peats deriving from interference case (4).

e Whenever an S-band interference event on a EUMETGATIs identified, on-ground operation
requiring telecommand carrier to be sent to Metopuést be suspended, to mitigate the risk from
interference case (3); moreover it is recommendadute Metop-A S-band transponder, to avoid
the problems deriving from interference case (2).

¢ Whenever a ranging interference event on a LEORs@&ntified, ranging on Metop-A must be
suspended, to mitigate the risk from interfereraseq5s).

o Whenever a ranging interference event on a EUMET&&Tis identified, it is recommended to
suspend ranging on Metop-A, to avoid the probleers/ohg from interference case (6).

It can be noted that, if the recommended actioashandled as mandatory, then the actions to be take
are identical, regardless of the GS on which therference event is detected. Furthermore, itgs al
recommended to minimize the number of mute and uteroperations on the S-band transponder. In
terms of operations therefore the following progeguvere implemented:

¢ Metop-A transponder is muted before the start ef $hband interference period and un-muted
(via time-tagged telecommand sent before mutindrresponder) after its end.

e Metop-A on-ground operations requiring telecommasadrier to be sent to Metop-A are
suspended before the start of the S-band intedergreriod and resumed after its end,;
commanding is automatically suspended in the sanmeeihterval.

¢ Metop-A ranging operation are suspended beforestidue of the ranging interference period and
resumed after its end.

o Clean visibility events of sufficient duration cae used for resuming S-band operations within
the S-band interference period in case of neect thatt interference events are normally at the
beginning and at the end of a pass, as the anggy@ration as seen from a ground station at these
points in time is much smaller than at maximum aten, for a given in-orbit separation between
the two satellites.

In order to ensure the operational feasibility loétt strategy, it is necessary to evaluate the ¢egdec
duration of the interferences periods for the na@hinjection case (16km below the operational §rbit
and for degraded cases within the expected laungédgormances (+/-8km error). As a real risk of
interference was observed for a launch on tHedf&September, detailed computation of the duratibn

these interferences was performed and the resdtshown in Tab. 1 (values italics represent cases

where the interference lasts up to the end of 88R; that time is considered as end time).

As expected the duration increases the smalldreiséparation in altitude from the operational tof$n
in case of an overperformance of the launcher);dveny even the maximum duration for the S-band
interference period is well below the satellitecansimy of 36 hours.



Table 1. Duration of interferencesfor different injection errors

Injection altitudeerror (km) Duration of S-band Duration of ranging
and equivalent sigma interferences (hours) interferences (hours)
-8.0 (-3sigma) 3.58 26.01
-5.3(-2sigma) 5.23 27.37
-2.7(-1sigma) 5.32 33.82
0.0 6.43 39.75
+2.7(+1sigma) 8.57 47.06
+5.3(+2sigma) 8.74 50.60
+8.0(+3sigma) 13.06 45.35

As we have seen, the countermeasures in placerangly based on the capability to mute the Metop-A
S-band transponder during the interference petitmvever, if the Metop-A satellite enters safe-mode,
then the backup on-board computer switches autonsinthe S-band transponder on and it is no longer
possible to switch it off. The only way to avoidBand interference in this scenario is then to retjue
ESOC to mute Metop-B transponder. Moreover, when®etop-A enters safe-mode it is mandatory to
perform commanding and ranging as soon as podsibigaximize the probability of saving the mission
(or minimize the risk of loosing it). ESOC shoulteh suspend commanding and ranging operations on
Metop-B. A special agreement was prepared in thiection and dedicated procedures were developed
by ESOC to be able to react as expected.

The problem above described is however particulselere if S-band interferences are observed on the
first 12 hours of the LEOP, while critical operatsoare carried out for Metop-B; in this case to BSKOC

to suspend what they are doing may mean the loskeoMetop-B satellite; just imagine what would
happen if operations have to be suspended befbesibeen possible to fully deploy the solar arfde
initial launch date was selected in such a marmensure that no S-band interferences are obsénmeed
first 12 hours of LEOP as well as for the followiBiglays (possible further launch attempts). Forigie

of September S-band interferences start after 2BshHo the worst case, that is considered stileptable.
Risk of interferences within the first 12 hourolsserved on the Y3f September, whereas on tHe s
September interferences start already at injecttbnse dates and the three before were therefore
considered as forbidden for launch.

If we can try to minimize, or even cancel, the ridkhaving interferences during LEOP on 4 conseeuti
dates (even if it was not the case at the enditadérences on LEOP were observed on the secondfda
the campaign), it is impossible to avoid that dariine SIOV. This situation was expected for a ldwuoic
the 19" and 20' of September. The main differences between inemtee management during LEOP and
SIOV is that during SIOV both satellite are opedddy EUMETSAT using the same GS network and that
another RF band is to be considered, the X-baret] & instrument data download (no X-band is on
during LEOP of a satellite) X-band interference régeare also computed by the Flight Dynamics tool
above described, taking as angular separationhibice®.5deq. It is therefore necessary not onlgntte
the S-band transponder on one of the two satellitegig S-band interferences, but also to muteXthe
band transponder on the other satellite during Xdkaterferences (if both transponders are mutethen
same satellite then we have no more visibility tsrliM at all). The baseline considered was to raaint
X-band on Metop-A, not to affect the operationassion and S-band and ranging on Metop-B.
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4. M etop-B operational orbit acquisition operations

4.1. Selection of acquisition strategy and L EOP maneuver

As explained in paragraph 2, the selection of tbqussition strategy for Metop-B depends on the
launcher performance and on the launch-date. Théabrseparation between the injection in-orbit
position and the two possible targets was, foruada on the 17 of September, respectively of ~123deg
and ~135.5deg. The launcher provided ~3km of ovépmance (injection ~13km below nominal
altitude), therefore causing a drift of ~13.5deg/dBhe two targets were reached respectively ~& day
and ~7 days after hand-over, perfectly in line wéhuirements. Moreover the inclination was soelas
the selected one that no inclination correction mesessary.

Two options were evaluated during LEOP:

1) Do not perform any maneuver and leave the satellifenaturally and then stop the drift once on
target (first target selected to have operatiomspeted as soon as possible) using a dog-leg
strategy, being the thrusters not calibrated (ptaéed in paragraph 3.2)

2) Perform a small IP maneuver to calibrate the tlengstout not modifying in a significant manner
the time required to get to target, and then dtepdtift once on target using a drift-stop strategy
(as explained in paragraph 3.2).

The goal was to select on one side the strategyitigrg to complete the acquisition of the openasib
orbit as early as possible (to start as early asipte SIOV activities on final orbit), on anothier
minimize the error in ground-track during the feliog 5 weeks of SIOV (to maximize the reliability o
the collected data). At the same time it was cansid as operationally beneficial to synchronize the
execution of the maneuver with the routine updatihe satellite telecommand, executed daily at 8Q3:
UTC, not to have to modify the routine operatiostiedule.

As explained in paragraph 3.2, if a dog-leg strategselected, it is necessary to foresee 2 daysnef
between the execution of the first and the secoademver to allow synchronizing the mission planning
between the two maneuvers; at the same time @dessary to ensure that the second maneuver ieanot
big to avoid violation of the operational dead-b#5kin wide) during the SIOV. Assuming a 1% error on
that maneuver (calibrated thrusters would used},ithplies a second maneuver not larger than Befl/
the entire required Delta-V (~6.8m/s); the firstmeaver would have then to be executed ~6 hourgdefo
the nominal crossing time of the target groundkraed the second maneuver ~42 hours afterwards.

If a drift-stop strategy is implemented then thedwoup is required ~24 hours after the drift-stomé
needed to calibrate the drift-stop and re-planttueh-up); that means that it is acceptable to hihge
nominal crossing time of the target postponed byoupl8 hours (as consequence of a LEOP calibration
maneuver) before getting a time penalty in comparisith the dog-leg strategy. A reasonable calibrat
maneuver of ~0.5m/s on LEOP (long enough to obsactigation of the attitude control thrusters dgrin
the propulsion phase) would imply getting in targely ~13 hours later.

Furthermore, the size of the required touch-up ddd of few centimeters per second (~6¢cm/s, asgumin
1% error in the execution of the ~6.3m/s drift-stopneuver with calibrated thrusters), while the s
the second maneuver in a dog-leg case would be taugpér (~0.9m/s, 1/8 of the entire correctionjrgk
into account also 5% underperformance in the elmtudf the first maneuver). The accuracy in
acquisition of the target ground-track that carexgected by the touch-up is clearly larger.

Finally, foreseen crossing time in case no LEOPeauaer was performed was in the middle of the night,

and then the maneuvers, in case of dog-leg strategyld have resulted in the late evening. A small
adjustment would have permitted to set the crostimg at around the time foreseen for the routine
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telecommand execution. In order to account for iptessinderperformance of the ESOC maneuver (no a
priori calibration was used by ESOC), then the ctef time for crossing the target ground-track was
accordingly modified from ~13 to ~14 hours aftes triginal crossing time without maneuver in LEOP.

The following maneuver was then implemented by ESGi@gle burn, as no need of correcting the
eccentricity during LEOP was identified):
o T burn: 2012/09/20-06:53:00.000; 0.539m/s

4.2. Detailed calibration of LEOP maneuver

Dynamic calibration of the LEOP maneuver perfornigdESOC, based on direct comparison of the
foreseen Delta-V with the one estimated throughitodetermination, provided a quite high
underperformance of ~5.5%. That value is largen thénat expected from the analysis presented in
paragraph 3.1, which makes it questionable forctlitessage for the SIOV maneuvers. Moreover, the
maneuver executed by ESOC during LEOP was remayrishigirter than those required in SIOV (~0.5m/s
executed during LEOP versus around ~2 and ~4misreehjin SIOV). Therefore the impact of non linear
parasitic thrusts is much more important.

The following four Delta-V values were computed fioe LEOP maneuver:

1) Delta-V corresponding to the maneuver telecommaeeated by ESOC (taking into account
only the thrust provided by the propulsion thruskeas reference pressure the value measured in
telemetry shortly before execution of the maneuwvas considered.

2) Delta-V corresponding to the integration of thectogenerated by the pulses provided by the
satellite during the pure propulsion phase (ineigdboth propulsion and attitude control
thrusters); same reference pressure as above eds us

3) Delta-V corresponding to the integration of thectogenerated by the pulses provided by the
satellite during the entire thrusting phase (intcigdboth propulsion and post maneuver
stabilization phase); same reference pressureca® atas used.

4) Delta-V estimated through orbit determination.

In Fig. 7 the pure propulsion phase (8 pulses a . manocheck_thrusters.plot
hertz from the propulsion thrusters) and tt

stabilization phases (individual pulses afterwarc
can be clearly distinguished. °r

3 i)

The following parameters were then derived: PR

A) Ratio between Delta-V (2) and Delta-V (1)
efficiency of the propulsive system due t
activation of attitude thrusters during th
propulsion phase.

B) Ratio between Delta-V (4) and Delta-V (3)
efficiency of the propulsive system due t
efficiency of the individual thrusters.

C) Difference between Delta-V (3) anc
Delta-V (2); non-linear parasitic Delta-V ~ Figure7. Pulses(per second) executed during
caused by stabilization. LEOP maneuver

CIPGPUZPVP puises/aample

The following was then observed:
o Delta-V (1) differs from the target Delta-V selettey ESOC, being ~1.5% smaller; that is due to
an large decrease of the pressure between ESO@gead entry in wheel attitude controlled
mode, after earth pointing acquisition (18.8 barg) at maneuver execution time (18.5 bars).
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o Efficiency (A) is ~99%; that means that ~1% of umaaformance is caused by the activation of
attitude thrusters during the propulsion phasdinie with expectations from paragraph 3.1 and
much lower than for Metop-A (better alignment of fropulsion thruster with the satellite centre
of mass).

o Efficiency (B) is ~97.5%; the real force generated the individual thrusters causes an
underperformance of ~2.5%, much larger than whabsgerved for Metop-A (around 0.5%); it is
unclear if that underperformance is linked wittoaér mass flow being ejected or by a lower ISP
than expected. This question can be answered dngnwva large enough fuel mass is spent, by
cross-comparison between mass estimation basedutse-gount and on pressure-volume-
temperature method; if less mass flow is reallyingkplace than expected the two estimation
should diverge in an important manner.

o Difference (C) is ~-3mm/s, very similar to what ebged for Metop-A; that contributor is
therefore responsible for an underperformanceetOP maneuver of ~0.5%.

The real calibration scale factor to be used is ttiee product of efficiency (A) and efficiency (B),
therefore around 96.5% corresponding to an undiempeance of 3.5%.

The 1.5% underperformance linked to the differemispure reading can be nullified by refreshing the
pressure used for the telecommand generation ghattbre up-link on-board.

The -3mm/s of non linear Delta-V caused by theibtalion shall be directly removed from the target
Delta-V before telecommand generation.

4.3. Selection of ground-track target for the drift-stop maneuver

The goal of the SIOV maneuver is to stop the swelthen inside the operational 5km dead-band atoun
its reference ground-track (generated by shiftirggdyg-A one by 14/29 of one orbit, as explained @f. R
[2]), and to ensure that it remains inside up ® ¢md of the SIOV (so at least five weeks); asetarg
crossing of the reference ground-track at the dikdeoSIOV is then selected.

gt.dev.plot.orbana gt.dev.plot.eccontrol
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Figure 8. Ground-track evolution without (left) and with (right) drift-stop maneuver

Figure 8 shows the evolution of the ground-tracthwind without drift stop maneuver; an enormou# dri
of around 100km per day is observed, caused byehelarge offset in semi-major axis with respect t
the operational one (~12km lower). The drift-stoprnmuver reduces that drift to around 0.1km per day;
the evolution remains very close to the referenamund-track (red and green curves represent the
deviation at equatorial crossing) for the entir©%] being the deviation very small at the end & th
SIOV. That maximizes the probability of not exititige dead-band during the entire SIOV.
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The probability above is however quite small, asady an error of 1% on the drift-stop maneuveseau

a residual drift of 1km per day, leading to exittbé dead-band within less than one week. Therefore
touch-up maneuver had been foreseen on the folpway, to cancel out the effect of the drift-stop
execution error; the target for the touch-up musidentical to the one selected for drift-stopetsure
that the ground-track evolution remains as clospaasible to the expected one and minimizing then t
impact on the planned post-maneuver activities leéop mission planning system has a tolerance of 5
seconds; if that limit is exceeded re-planningdeded).

4.4. Selection of eccentricity target for the drift-stop maneuver
During Metop-A operations a secular drift of theeuricity vector away from the frozen eccentricity

value has been observed; that is due to the ndigitedg radial parasitic Delta-V (~5% of the comnaizal
value) provided by the platform when an inclinatcmmrection is implemented.

That is coupled with the fact that inclinatiol MOZ_meanOrbitalElements_14.his.plot

maneuvers are executed yearly; therefore betw« .0 e %%w?‘mw
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months), making the effect cumulative (see alsa R "= Y ,,'ji %%*ﬁ

[3]). All that can be clearly observed in Fig. fiial % &.g: @fﬁ ﬁﬁ # 78
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maneuvers close to the autumn equinox, to maxim .-t L e et

their efficiency, the first one being planned inl30 T entestor *

one year after the launch; also for Metop-B it ban e st 4o

expected that the eccentricity will diverge in

similar manner, being the observed radial parasitic Figure9. Historical evolution of

thrust very similar to the one of Metop-A. Metop-A eccentricity

Initial eccentricity for Metop-B was then selectamhsidering an expected drift of the eccentriciégtor

in the first three years of mission by [0.000088)00120], assuming the same yearly deviation as
observed for Metop-A; as target eccentricity ve¢t0r000218, 0.001030] was selected, being thesfioz
eccentricity vector [-0.000013, 0.001150].

4.5. Execution of the drift-stop maneuver

In order to achieve the two targets described mgraphs 4.3 and 4.4 the following two burns mareuv

was planned:
. T'burn: 2012/09/27-13:10:18.482; 4.045m/s
. 29 burn: 2012/09/27-14:01:00.159; 2.198m/s

This timeline was perfectly in line with standalitine commanding activities, as routine teleconunan
sets are generated with execution time at firstradiog-node after 13:00; therefore no need of nyodif

the routine operational timeline was identified.

The actual telecommand was computed on the sameimgoof the maneuver, based on the expected
evolution of pressure; the tank heaters were sedtain autonomously the day before the maneuver,
causing a remarkable pressure increase of 0.36rbkss than 24 hours.
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The first maneuver presented a marginal overpedooa of ~0.4%, caused by a much lower than
expected activation of the attitude control puldesng the propulsion phase (efficiency (A) in maeaph
4.2), probably due to the displacement of COM cduse solar array rotation; this phenomenon is not
observed on Metop-A, where the misalignment ofpitogpulsion thruster is much larger and thus tharsol
array impact is negligible in comparison. Nearlyfpet execution was observed for the second mameuve
(~0.1% underperformance); the response of theidétisystem was perfectly as expected.

The large thrusting underperformance observedh®LEOP maneuver (efficiency (B) in paragraph 4.2)
was confirmed and estimated to be ~3% (even aibhiehn); the same for the stabilization Delta-V,
estimated to be 1mm/s (a bit lower than for the PE@aneuver).

Even if the overall performance was excellent (tetaor of ~0.3%) that was not sufficient to avoid
violation of the dead-band during SIOV (exit affeweeks), as shown in Fig. 10 (left); a small touph
maneuver was then needed. Eccentricity targetasised nearly perfectly, as can be seen in Fig. 10
(right); 4 month of libration (one cycle is shown).
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Figure 10. Ground-track and eccentricity evolution after execution of the drift-stop maneuver
4.6. Preparation and execution of the touch-up maneuver and target orbit acquisition

To compensate for the execution error of the dtifp maneuver the following maneuver was planned:
o T burn: 2012/09/28-13:04:46.534, -0.015m/s

That is the first maneuver against the velocityclion performed by Metop-B, therefore no calilmati
values are available; generation of a-priori calilten was performed as follow:

e Efficiency (A) was computed from the number of tatle control pulses expected from the
maneuver execution (procedure similar to what priese in paragraph 3.1); no pulse was
expected, so 100% was used.

o Efficiency (B) was computed from the data of thdtetop maneuver (procedure similar to what
presented in paragraph 4.2); the value 97% was used

o Difference (C) was also computed from the datehefdrift-stop maneuver (procedure similar to
what presented in paragraph 4.2); the value -1massused.

Also that maneuver performed very close to the etgtion; 5% of overperformance (error less than

1mm/s) was observed, mainly linked to a stabil@aelta-V higher than expected, probably caused by
excitation of the solar array flexible modes indliby the small thrust.
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Nevertheless, the observed post-maneuv S __gt.dev.plot.orbana
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The main lessons learnt from the analys Bovtton e 10 . e i
performed to prepare the orbit acquisition ¢

Metop_B and from the Operations themse|ves|:igurell. Ground-track evolution after execution
can be so summarized: of the touch-up maneuver

o A-priori calibration computation based on Monteoadnalysis seems to provide more than
excellent results; however that does not take attoount intrinsic underperformance of the
propulsion system, which appears to be much latgar expected.

e An alternative strategy for acquisition of the aaemal orbit was developed to cope with large
injection error; this strategy is also applicablether situations, when for instance not calilztate
thrusters have to be used. Guidelines were defioatkcide which strategy shall be preferred
depending on the operational conditions.

e A new SW module and dedicated procedures were aleedlfor interference management; even
if not used for Metop-B, they are now ready for bfeC and can also be used for other missions
with similar problems, as, for instance, Sentinel-3
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