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Abstract: The Automated Transfer Vehicle (ATi)ssion controlhas reabed itspeak of
experienceat the completion ofhe 4™ mission supplying the International Space Station

(ISS). The last vehicle of its kind, thecstled ATV5 A Georges Lemaitreo, \
in July 2014 The experience of the four first missioolsthe ATV shows that no real
recurrence existed between each of 1%/ maruver strategies. Hlight demonstrations,

new imagery experiencesd changeto protect fromcontingenciesesulted in shorhotice

demands of revision antedesignof the phasig and deorbiting strategies. This paper
focueson the variousnaneuvesstrategies conceived along the past missions, and indicates

the strategiesdesigned forATV 5 mission whichinclude several observation experiences

during bothascentand deorbitatiorphases

Keywords: ATV vehicle, Maneuver design, Mission analysis, ISS logistics, Satellite
operations

1. Introduction

The Automated Transfer Vehicle is Buropean Space Agency (ESA) funded program: the
spacecraft is designed and built Byrbus Defence ad Spaceand operatedat the ATV
Control Center (ATVCC) by the French Space Agency (CNEAJ.V-CC worksin close
coordination withthe Mission Control Centre in Moscow (MCM) asthe ATV docks with

the Russian moduj¢he Mission Control Centre in HoustdMCC-H) which coordinatethe
overall ATV-ISS joint operationsGoddard Space Control Centre providing communication
service via TDRS constellation, Redu Control Ceptr@viding communication service via
ARTEMIS relay satellitetheon-board ISS crew whmonitortherendezvous and transfer the
cargo and Kourou, the Ariane launch site.

The ATV is an unmanned space transport vehielgose mission is to contribute to the

logistic servicing of the ISRy transporting propellants, gases and other logistgo to the

Station for the commontilization, ATV Dbecomes one of Eur opeo:
Europeshaing of the International $ace Station operating costs. ATV alsorovide the

disposal of ISSwaste and rdoost the ISSto a higher altitude to copensate for the
atmospheric drag.

The first ATV mission Jules Verne began with a successful launch by AsianeMarch &,
2008; after several demonstrations it dockedSS on 3 April and performed an attached
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phase of about 5 months, after whichndockedhe station safely anekecutedh destructive
reentry above theninhabited area of tHgouth Pacific Ocean.

Three more missions followed with success. ATV Johannes Kepler was launched on
February 18, 201Q ATV Edoardo Amaldi on March 2% 2012 and ATV Albert Einstein on

June &, 2013. All of them werdnjected inrorbit by Ariane5 launchey from the French

Guyana The last vehicle of its kind, the salled ATV\5 fiGeorges Lemaitre
launched in July 2014During the period between iaary 2008 and December 2Qlhe

ATV programwould represent% of the overall unmanned launches towards the ISS with
logistics purposes. In terms 8S refueling, itshall cover about the 14% of the launches in

this period.

1.1. ATV spacecraft

The ATV mainbodyis a cylinder,10.3m long and up to 4.5m in diametdratweighs about

20 tons at launch, representing the heaviest European spacecraft ever launched. Extending
from the main body of the spacecraft are its characteristics Xedhagetallic blue sota

arrays.

The propulsion system consists of 4 Orb
Control Thrusters (OCS) @02 N each anc
28 smaller thrusters, called Attitude Cont &
System (ACS)of 217 N each andvith a
saturated global commanded thrust level
150N achieved with On/Off moduten of
the thrusters These thrusters also provi
propulsive support to the 1S&nd they are
commanded by the Service Module S/
perform ISS attitude control, debr
avoidance maneuvers  and -beost
maneuvers. ATV Navigation is performec

with GPS§ Dry Tuned Gyros and Star Figure 1. ATV4 Albert Einstein at the proximity of the
Trackers systems. ISS

For automatic docking, ATV is equipped wittvo videometes and two telegoniometes.
Relay satellites TDRS and Artemis provide@ntinuous communication link between the
ATV and the control center on Earth.

1.2. ATV-CC Flight Dynamics organization

Mission Analysis activitiesare conducted under ESA authority ahdy weresplit in two

parts Airbus Defence and Spadeok responsibiliy over the development phase of the flight
segment, while the CNES is responsible for the development phase of the ground ,segment
the mission preparationand operations At an early stage of the project a
controllability/reactivity tradeoff was done todetermine what parts of the Guidance,
Navigation and Control system (GNC) shall be autonomous or computgtbond. This
tradeoff resulted in a vehicle architecturallowing a complete autonomous relative
navigation at the vicinity of the ISS until dookj. Nevertheless, durinthe free flightfrom

in-orbit injection to ISS vicinity, severahajor guidancefunctions of the ATV are computed
on-groundin term of orbit determination, maneuver computation and attitude selection
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Within the ATV-CC teams, th&light Dynanics team (FDS) is responsible fibre orbit and
attitude determination, the computation of the maneuver strategy and trajectory during the
orbital flight phase amongother major tasks. The trajectory position (TRA)ATV-CC in
particular, computes the maneuver strategy and the trajeadanng the orbital phases in
which the ATV isguided based orabsolute navigatianThe TRA position activities towards

the maneuver strategy computation inclubiession Analysis (MA) operational software
development preparation of operational products such as procedures and templates
simulation campaignjalidation test@and gerations

1.3. Mission analysisat ATV-CC
Themission analysis activities performed by the ATC aredividedin two main branches:

1 The Generic System Mission Analysis (GSMA) intends to support the-BTV
technical qualification. It provides the justifications and demonstrations needed
for ATV trajectory design. These analyses are, as far as possible, periaramed
generic manner aimg to cover the ATV functioning domain in order to remains
valid for future ATV flights.

1 The System Mission Analysis (SMANhich aims to support the garation of a
specific missionprovides an end to end reference ATV trajectory, the associated
orbital data and an estimation of the fuel consumption.

Besidesthese twokinds of documentsspecific internal techoal notesmay be written to
demonstrate strategy robustnessase olvery specific scenarios

1.4. Problem justification

One of the most importantharacteristics of the ATVmaneuver strategieis their high
flexibility in terms of launch and docking scheduling. This flexibility leads to a complete
disconnection between launch and docking dates scheduling, thanks to the following facts:

Phasing sategy covering any phasing angle with respect to thet&&inch

Generic phasing strategy conceived to target any altiithen the expected range
for the ISS

Possibility to perform a parking phase as long as needed

Orbital maneuvers until ISS vicinigomputed orground

il
il
il
il

Concerning the undocking and-debitation phase, an equivalent flexibility is achieved by
the ATV vehicle, easing the reentry operations scheduling and the ISS traffic planning with
partners.

Despitethis extremely flexible systemo real recurrence existed between each of the ATV
missions in term omaneuver strategieEach mission @maned the revision and ralesign

of the maneuverstrategy that had to be performedin very short time, and carried out
simultaneouslyto the rest oFDS critical activitiesThe TRA team is able to solve all these
problems at maneuver design level thanks to an organization and a set of FDS techniques
leading to a high reactivity of the TRA team, capable efamputing, redemonstrating
strategies andenewing the optimum quantity of operational productieim days or weeks.

This paper will focus on the Mission Analysis part of the strategy maneuver design and will
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present some past aedrrentexamplesof nonrecurrent maneuver strategies that hatieéo
designed in order to solve each particular n

2. ATV phasing strategy design

From themaneuver strategy desigrerspectivethe ATV mission objectives decline into a

simple qiestion how to commandthe ATV spacecraftsafely fromthe injectionpoint up to

the docking port ofthe International Space StatioBuch arendezvous missioman be
described as the deliberdteonjunction of two spacecrafin which one ofthem plays an

active rolebeingcalledtheii cabs er 6 whi |l e t he second vehicle
thei t a r The different variables that define the rendezvous problem are: the initial date,

the conjunction date, the statectors athese dateshe vehicle characteristics data and the
environmental parametensgfturbation models, ejc

A rendezvougRDV) mission implies several phases that shall be regarded separately. In the
case of the ATV missions, these phases are:

1 Launchphase Ariane5 launcher injectdhe ATV in a Low Earth Orbit (LEO)
circular at 260 Km altitude and 51.6° of inclination. The exaoe of launch is
computed with the objective to insert ATV vehicle m @bit plane very close to the
ISS orbital planebut not exactly the samebecause the right ascension bkt
ascending node (RAAN) of thATV will gradually drift due to J2 perturbations
reachinghe sameorbital plane at the date of rendemis with the ISS.

1 Phasing phase: during th Target orbit
phase two main objectives
will be achieved 1) to rise
the ATV altitude wntil
reaching the proximity of thi
ISS and 2)to reduce the
phasing anglebetween the
two vehicles (ATV and ISS 3
from its initial value at the
time of A5 separation tc
about zero at the date o
approachingthe vicinity of
the ISS (start of the
autonomous glative
navigationand guidancdor
docking. In the case of ATV _
mission this phase take Mitondate 55
between 4.5 and 12.5 days Figure 2. The phasing angle

Target and
chaser at RDV

Injection orbit

Injection /-~
point F

Phasing
angle (Ad)

1 Rendezvouphaseonce the vicinity of the ISS is reached saféte relative GPSystem
is activated and the ATNSS RF communications link is initialized andonsequentlyhe
ATV enters h automated mode. GNC functeare performedn-boardin closed loop
and are monitored by the AFEC. The rendezvous sgdiinto several suphaseqFar
RDV, Close RDVé) ending at hold points whe
respect to the ISS. The rendezvous phase ends with the docking completion. The duration
of this phase, between the interface point with phasingteid nominally 4h@m, but it
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may last longer depending on inflight the real time operations coordination and
contingencies

(3500m, -100m)

S, V-Bar

Closing

(39km, 5km) '
S { S, Approach Ellipsoid (AE)

Homing R.BY
-Bar

9
—

Proximity link (R~30km)
Figure 3. Rendezvous phase

1 Parking phasein the caseof having adocking date later than 12.5 days after the
launch,an additionalphase of parking can Iset upwith no constraints of duration.

2.1. Phasing strategy basis

The launch trajectoryis fixed andfollowed by Ariane5. The RDV trajectory isexecuted
automatically by the ATV vehicld=DS team and TRA position imagdicularareresponsible
for the strategy design durintpe phasingphaseonly, that is during the orbital phases
between the injection point and the interface pdht that is the beginning of the onboard
automated RDV navigation and guidance

Generally, the optimal plan of maneuve
between two quasiircular concentric
orbits at different altitudes corresponds t
single Hohmann transfer. Such a strate
allows to reach a higher altitude (IS
altitude for example), but not to arrive
the exat point at which the target vehicle
placed at the same time for a given phas
duration.

Target orbit

To achieve this, an intermediate orbit s
be introduced; called the Drift Phasil
Orbit (DPO). Depending on the altitude
which the DPO is set, a chaserqad on it
will drift -in angular distancefaster or
slower with respect to the target vehic
Finding the right altitude for this orbit wil Figure 4. The Drift Phasing Orbit (DPO)
serve to reach the station at the right date

Drift
Phasing
Orbi

Then, o Hohmanntransfersare theoretically enough to perform such strategy:
§ 1%cycle : Transfer to the Phasing orbit (TP), from the Ari&inejection orbit
1 2ndcycle : Transfer to ISS Vicinity (TIV) from DPO
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2.2. Former ATV phasing scenarios /ATV Flght domain

The altitude of the DPO as well as the values offbamanntransfersTP and TIV would
depend, using the'BKeplerian law,only on 3 parameterghe ISS altitude,the phasing
duration and the initial phasing angle between ATV and IS8y set of thesethree
parameters describes a specific phasing scend@hie group of scenarios that can be
demonstrated by mission analysis studielke feasibldecomes the ATV flight domain.

The generapolicy is to assure the capability of the ATV missiendock safely with the
stationfor dl possible phasing angles between the ATV and the ISS at injection (from 0° to
360°). The targetedSIS meanaltitudewas 335 kmfor ATV1 and between 350 and 415 km

for the following missions The demonstratechpsing duationswerebetweenl0.5 and 15

days forATV1 and between &.and 12 for the following missions

The GSMA documentvolume concerning thephasingflight domain had to bd) updated
after ATV1 missionfollowing a rise of altitude of the ISS2) enlarged to cover shorter
phasing durations (from 4.5 to%days)and 3)enlarged agaito coverlonger durations &ér
ATV2 (11.5 and 1A days), remaining applicablerfATV3 to ATV5 missions

ATV FLIGHT DOMAIN Figure 5 gives the ATV flight domair

Mission duration (days) represented by a green zorlaside the
5 6 7 8 9 10 11 12 flight domain there are the predictec
X o phasingscenariosfor each of theformer
ATV4 ATV4 ATVs ( b | a c kthe finAl (\)A\)TV
(T OR #78) phasing scenass within this flight
Lo Lo domain ATV icons). ATV1 and ATV2
h T Sl (s il B were launchedt L1 date (1 day after th
e nominal launch datel0); ATV3 was
350 X | -x A delayed 2 weeks following a problem wi
ATV2 - bx the fixation of cargo, an&TV4 drifted 5

:fﬁ days at launch altitude before startiing
phasing strategywith TP maneuvers o

Figure 5. ATV Flight Domain and Former ATV mission the orbit numbefON) 76.
scenarios
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Towards the objective of demonstrating the feasibility of sanhimportant variety of
scenarios following a common strategy design, itriperativeto test their robustness and
then

1 To havetoolsable toperform MonteCarlo simulations for phasing scenarios
To coverthe expected range of valuefsthe input parametefer the ATV missions
To use representative uncertainties angelisions orthevariables
To dmulatethe ATV -CC opeational delays anthe ATV vehicle GNC system
To achieve to putthe ATV in the ISS vicinity with the necessary precision to start
with the automatic relative navigation in RDV phase
To respect the safety requirements of Human Flight Operations
Not to praluce unnecessary oveonsumption
Robushess toward potential prolongations of time of flight before docking
(possibility of planning a Parking fregift phase).

1
1
1
1

= =4 A
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2.3. FDS Mission Analysis Tooldor phasing

The tool used for ATV phasing mission analysis iIS@QAR/DRAGON.This softwareuses
DRAGON as kernel to computide optimal maneuvers whil®SCAR enablesto conduct
Monte-Carlo analysis, simulating how the maneuvers can be updatgond all along the
missionby performingend-to-end simulations witlthe control center in the looocument
[1] gives deeper informatiom OSCAR/DRAGON tooland its application in other major
projects as GALILEO.

T-ORM, the FDS operational tool for maneuver optimization, has beealoped forthe
ATV project inspired by DRAGON, and it isused bdt in operations and for SMA
computations. Documen8] providesmore information on this tool

24. ATVO0Os s@h@functioningin phasing

As it is stated i nindactrvent(#§ dringbosbitaMphasastherefore a n d
during phasingthe ATV GNC behaviors the following
1 Geometrical centanotion measured with a GPS receivertmard
1 ContinuousTelemetry (TM) linkvia TDRS satellites with ATMCC
1 Navigation performed eground: absolute orbit determination (OD) based eauBe
Range measurements received in TM ¢neal time/real time)
1 Guidance performed eground:
0 Maneuver optimization
o Trajectory extrapolation
o0 Orbital Control Frame (OCF) based on OD and computed maneuver plan
Attitude navigation performed eooard : statrackers and gyroscopes
Attitude guidance performemimost entirelyon-board :
0 Yaw steering (YS) attitude law performed nominally in free drift
0 ACS thrusters systemmsed to :
A perform YS permanently in free drift
A perform small orbital maneuvers1(¥m/s) smultaneously to YS attitude
law
A perform slew maneuvers before and after OCS maneuvers
0 OCS thrusters system used to :
A Largeorbital maneuverstom 1.7 m/sto values greatethan 60m/s

= =

2.5. Uncertainties in phasing strategy mission analysis

For missionanalysis computations supporting the strategy desagm the chaser (ATV) and
the target (ISS) vehicles present a level of uncertainties that must be taken into account
together with environmental uncertainties

ISS orbital parameters possible values

ISSephemeris uncertainties and ageing

ISShballistic coefficient masssurfacedrag coefficient

Ariane-5 dispersion at injection

ATV orbit determinatioraccuracy

OCS and ACS maneuveggecution accuracy

ATV ballistic coefficient:mass surface drag coefftient, attitude law effect
Atmospheric conditions (sun activity, etc.)

= =4 -8 -8 _9_9_°2_2
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2.6. Target point definition

When the established launch and docking dates fall within ATV flight domain valid duration,
thephasing is direct, targeting a point within the ISS vicimggult of an agreemé between

the different partsGNES, Airbus Space and Defence and [ESAearrival to this point, the
so-called Sy, will end the phasing phase and trigger the start oathematedRDV phase.

The statevectorfor Sy, point must ke reached witlieduceddispersionsn order to initiate
safely the atonomous navigation of the AT&s already presented in [5]

Sip ACCURACY
LOCATION REQUIREMENTS COMMENTS

Da -5000 m 480 m Mean parameter
assDey 0 480 m Mean parameter
assDe,p 0 480 m Mean parameter

X osculating coordinate
DX 39000 m 3300m Cartesian frame (LVLH ISS)
_ (10“ radians, osc. coordinate)
Dhei 0 deg 0.005729 deg ATV/ISS angular momentum errors

Table 1. Targeted point definition and requirements

A specificcycleof threeinterface maneuvers (TIF) will be also required right before reaching
this point,which mustbe monitored to confirm a fullafety.

Tangential component Radial component Module Duration
(m/s) (m/s) (m/s) (s)

Maneuver | Mean-3s | Mean +3 | Mean-3s | Mean+ 3 | Mean +3 Mean + 3
IF1 -1.879 1.857 0 0 2.288 387
IF2 -0.432 0.420 0 0 0.4534 102
IF3 -0.406 2.824 -1.158 1.110 3.5492 582

Table 2. Interface maneuvers values and limits

In caseof phasing senarioswith a durationgreaterthanthose of the ATV flight domain
(greater theri2,5 days), an intermediate parking phsiseuldbe plannedso that the previous
phasing will not target the_ at first place. Instead, it will target one of the 4 polssi
parking point§PP)defined in the=igure6. No TIF cycle of maneuvers is neededeachthe
PP. The four parking points are placed at ISS altitude to cancel-FKSB/relative drift
towards X axis iocal vertcal local horizontal framelL{V'LH ).

I
[ERRRNEH FRRNERN
il
PP2 1000km f‘!Lgﬂg"r'T — PP3,1000km
T THHH
EEsSEs pasans PP4.5000km

PPl—ZODOkm

Figure 6. Parking points location
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GSMA Phasing strategy

The level of detail of the strategy desigrrasher extensive, sihis paper will onlygive the
essential ideasThe GSMA documentdescribes thehasing strateggesignresultingfrom
mission analysis simulationas follows

T

T

1 TP maneuver cycle: during the orbit number #7, two maneuvers (TP1 and TP2) are
performed to reach the DPO. These maneuvers have commanded longitudinal and
transversal components, the transversal components aim at correcting the injection
errors. A minimum DV value is set to avoid nominal retrograde maneuvers after
injection: 2 x 2.5 m/s

1 or 2Mid-Course (MC)maneuver cycles: during DPO, 2 otahgentialmaneuvers
(MC1; to MC2) will be calculated and tuned to delivAiTV at Szs (before TIV
cyclesin case of 2 TIV cyclesFigure 7) within suitable dispersions. NonahDV is
set between &nd 2 m/s to avoid dispersed retrograde maneuvers.

2 or 3 TIV cycks located at the end of the phasing, it transfers the ATV from its Drift
Phasing Orbit to the way point,$before TIF cycle). This transfer must be able to
catch upthe dispersions mainly generated by the lastoourse mangvers and drag
dispersions; therefore a minimulBV is required. On another hand, it mustot
generate too many dispersions for the cycle TIF (less than £13 km for the along track
dispersion), thethe up@r maneuver values are limited.

1 TIF cycle: three maneuvers as definedhie previous chapter

Example of phasing strategy with 2 MC and 2TV cycles:

LEOP TPO DPO TIV TIF
1%
NN
H—& .-0 4/
L IP Qi
/%
9 5/6T R 1T ~nT T P ~nT R lT ~30T 2T _ 3T -~ 2T 2T 0.5T { 0.5T

Figure 7. ATV phasing strategy example
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2.8. Former missionsphasingstrategies

From ATV1 to ATV4 mission every phasingstrategy was computed using the generic
strategydescribed on th&SMA, v o | uPRhasing .

Figure 8. Past ATV missions phasing profiles Table 3. PastATV scenarios data

420
s ATV Phasing scenarf)ATV1| ATVZ ATV3 ATV4

400
b ATV3

i ISS altitude (kn) 339 | 359 | 398 | 404

360 Duration (days) 10.25 7.5 | 55 | 95

= ATV2 ;
£ ] ATV1 Phasing angle 4, /o 14 15 91 62.81|274.71
2 40 r launch (deg)
2 o] 7 Targeted point| PP4| Su2 | Si2 | Sz
< ‘ ATV/ISS extra
g 300 S S, T of orbits 1 ! ! 4

-y TP cycle orbit 7 7 7 76

] number

Total DV (m/s)| 55.19| 52.41| 73.09| 89.07

260 —=———
y Total Ergols (kd)< 600| 413.8] 533.7] 659.3

240

Phasing duration (days)

Nevertheless thenissions ATV1 and ATV4 presentexbme characteristics which placed
themoutofthegner al case f dnrthe casecoLATV1elules Vetne:V o s .

1 ATV1 differed from the generic mission as it involvedflight demonstrations before
docking.

1 It required a dedicated ACS test maneuver (AT), to check a long propulsion as it is
performed for the Escape maneuvers

1 It had to demonstrate the capability to perfoanCollision Avoidance Maneuver
(CAM) with the ISS

1 As theShuttle STS123 mission was scheduled during the nominal phasing period, in
order to comply wittthe flight rulesfor vehicles servicing ISS and to be robust to
Ariane’5 launch delay, a Parking Point was targeted after the phasing (PP4,
+2000km), waiting or t he AGO Deci sionodo to start

9 During operationsdue to a failure of the Propulsion Drive Electronic (PDibg
experts required OCS test maneuvers so TP cycle was split into two cycles (TE/TP)

Fora deeper knowledge dhe paticularities of this first ATV phasing mission platetailed
information can be found in previougublications [2], [3], [5] and [6]. For deeper
information on ATV3 mission see [11].

In the case of ATV4 Albert Einsteithe launch date was initially sahded in middle March
2013 but, as result of the evolution of the project, the launch datdelsagedseveral times
until the final date oflune 5th. This particular date corresponded to a period of the year in
which theSun aspect angle on the orbitledlbeta angle was high (more than 6d¥se high
valuesare presenpnly a few days in the yearjhis condition implied too short eclipse
durations in ATV phasing orbit or even no eclipse at all. Having eclipseder thana
certain duration (24 minas and 10 seconds) forbids to perfasperationsor cleaningthe

t
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Solar Array Drive Mechanism (SADM) which are necessary before performing orbital
maneuvers with OCS.

The first phasing maneuvefsP cycle)had to be delayed until the 10th of Juftem orbit
#7 to orbit #76Then, the phasing scenario daseen as split into twsubphases:
1 Freedrift subphase (from injection to orbit 70, AOL ~244°): duration 4 days,
5 hours.
1 Phasing suiphase (from end of fregrift subphase to $,): duration 5 dgs,
3 hours.

The total phasing duratidor the

ATV4 mission(from injection to

Sip) was 9 days, 10 hours ar o -
42 minutes. Some specifi ] v
Monte-Carlo runs were y sz

performed by the FDS to valida  *] :
the final scenario, as n _ o
computation with TP delaye ]
maneuves to orbit #76 s
covered in the existingsSMA.

In a second round of simulation
a reductiorto only one MC cycle =~ .

Figure 9. ATV4 phasing profile - TP cycle delay to ON #76

V1

Mean Altitude (km)
w w
s &
1 1

w
8
1
\
!
H
\
|

TP

in the strategyvasvalidated The Zw;ﬁjeedrm phase )
final results were gathered : ﬁ o

days before the Launch Mondi 20— 71— ¢ 1 " & .
(LM _20)’ already in negativ‘ Phasing duration (days)

chronology.

2.9. ATV5 phasing strategy baseline

ATVS5, the actual mission under preparatic
still announce important modifications wi
respect to the generic strategy des
established ¢y GSMA documents. This time
the reason for the changes is f
implementation of a new set of optic
camerasat the exterior of the Integrate
Cargo Carrie(ICC) of the ATV that will be
used for future RDV sensor techniques

In flight data from hese vigble (VIS) and
infrared (R) cameras will berecorced in
order to offine assesson graind the
accuracy andjuality of the data and image
at long range (around 15km to the IS
checking the robustness okw navigation
technique based aime cameras ige® éor
various illumination conditions (since slo
relative motion), and their ability c
discrimination between the Sun and the IS

Figure 10. Optical instruments integrated on ATV5 in
Bremen
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The field of view(FoV) of thecamerass the following:
1 VIS andIR cameras axis have a 15deg pitch from ATV main.axis
1 IR Camera field of view itplane 58.6deg (+29.3)
1 VIS Camera field of view iplane 57.5deg (+28.75)

The FDS hasproposeé a strategy allowing the observation oétl§S at long range distances
for the given positions of the camera and their fields of view orientatibms. chosen
strategyallows performinga freedrift trajectory of flyunder the ISS, during which the long
range experience will be performed. Sudtyaunder scenario will be achieved as follows:

1 No modification to the existingenericphasingstrategy until the target point with no
Impact on operational procedures

1 Reuse of theTIF cycle cancellation scenario, with existing ATOC operations
procedires and safety analysisedidy available in GSMA document

1 A P eEsdapdikeo strategy after the flunder freedrift, to reengage60h later the
RDV phasewith the ISS

1 A new definition of the targeted point for flynder (S1/2_FU) is chosen to minixe
ATV/ISS range wherthe camera acquisition dhe ISS is lost. This point i®X = -
71 km,Da =-5 km in LVLH ISS. The minimum range will b810 km if the

trajectory is nominal andever greater of 15 kifor dispersed maneuvensth a 90%
of confidence.

Figure 11 depicts the ISS relative trajectory seeoni the ATVinsidethe cone of visibility

of the cameras duringtleept i cal ex per i e n(dueling,dogdtheravithithe | y
3-sigma dispersed trajectories (latks). The green straight lines represent the IR instrument
FoV limits and the ddmed green line represeritee cameraxs direction.

20—

15

ISS nominal

o -

E 10 P B o " - —__trajectory

—_ b e[ :f' b Koo \\\ - e

_'I 5 // . A \
> [ ]
|_

<| ISS 3o dispersions

N at S-1/2_FU date

T T T T T T T T T
0 20 40 60 80

X_ATV_LOF (km)

Figure 11. Fly-Under experience:ISS relative trajectory wrt ATV LOF

Un
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3. ATV fAReturn from Fly -Undero design

After performing the optical experiencthe ATV5 will execute a stragy of maneuvers
|l eadi ng-btae kdc 0o me Syhteengagenhioreseén docking with the ISS.

Similar strategies were executed durthg ATV1 Jules Verne mission to demonstréte
safety & the ATV operationsduring RDV approach and Escap@ntingency scenarios.
Indeed, an Escapeaneuver is performed if the ATV systems detect a violation of the Flight
Safety Rules in the proximity of the station. It is a retrograde maneuvémds$ towards the

X axis of the ATV, which leads the ATV in a ttrorbit under the station.

Figurel12 presents the baseline Post Fly Under trajectory for ATV5 (red color) as well as the
three similar trajectories performed during ATV1 Jules Verne Flight preceding each one of
the three Demo B (in cyan, light blue and dark blue colors):

1 Demo Day 1 (DD1) was preceded of a Return from PP4 (+200Gtkatggy
1 Demo Day 2 (DD2was preceded of RostEscape in 48h
1 Demo Day 3 (DD3) was preceded dPastEscape in 72h
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Figure 12. ATV1 Demo Days and ATV5 Post Fly Under trajectories

A full genericmission analysis documentation exists this topic, allowing to reuse the
existing strategy nameitl P eEsstc a p e i n 4d#férenceis that the strategyould
be perforned in 60h and not in 48h. To solve this, TRA team has borrowedH3oape
strategy and performed new Mox@arlo runs specific to ATV5 missiof.he scheme of
maneuverscomposed of four cycles of maneuvers denominated TA, TB, TV anddilves
both for the PostEscge and PosEly-Under scenarioskigure 13 depicts the maneuvers

positioning (T stands for AOrbital Periodo,
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Figure 13. Post Escape recoverytgtegy

The resuk shove that the IF maneuvers are executed nominally below tingits, S;/, is
acquired within the maximum dispersions limits, and the ISS safety is not compromised.

4. ATV deorbitation strategy design
4.1. ATV deorbitation strategy basis

The purpose of thdeorbitation is to make the ATV entire atmosphere in order to fall into

the ocean without any risk of damages for population and propéttigeermore,timust be

then guaranteed that, for each mission configuration, it is always possible to reaqfaein

zone with an adequate level of confidence. The ATV deorbitation phase begins nominally
after theundockingfrom the ISSas soon as the ATV has left ISS Approach Ellipsoid.

The GSMA document covers thi = i o he] i
phase, describing the strategy tl ey 1
facilitates to reach the impar Senday | |
point from a various range (

altitudes and phasing with respe ?ik
to the entry point. a0 Lo !

Y Chatam
d/ * SPOUA |

The selected impact zone f L aBown
ATV reentry is the South Pacifi = ¢ “awivete . ma 1
Ocean  Uninhabited  Are comeret |
(SPOUA) which is bordered b _,
the 175W and the85W meridians
and by the 29S and 60S paralle
This is the biggest uninhabite -7 n s - - - —.
area in the world withou lonqitade (dea]

emerged land. Figure 14. South Pacific Ocean Uninhabited Area (SPOUA)

In order totransferthe ATV from an orbital point to a ground ipbin the SPOUAby
decreasing its perigee altitudestrategy withiwo deorbitatiormaneuversiave beerselected
As it is shown inFigure 15, the first deorbitation manoeuver (DEO1) will have two
objectives: 1)a transfer the ATV from a circular orbit to an eligal orbit with the required
apsides line orientation (phasing with the entry point), 2) to decrease the perigee aliitiiide
220km The second deorbitation manoeuver (DEOZ2)lasated at the apogee ole
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intermediary orbit and decreassgainthe perigee altitud&om 220 kmto Okm (nominally),
forcingthe ATV reentry in the Earth atmosphere

st
1% Maneuver| 2" Maneuvel

<4— Initial circularorbit

Elliptic orbit

i Apside lineafter themaneuver

Figure 15. Deorbitation maneuvers principles

4.2. GSMA deorbitation strategy

A geneic ATV deorbitation scenario is able to assure ground safety within the following
flight domain:
1 ISS mean altitudat undocking between 300 km and 460 km
1 1 Departure maneuver (DEP) édm/s with ACS ESCAPE thrusters 1 minute after
undocking fronthe ISS

1 Nominal reentry about 24h after undocking
1 2 OCS tangential & retrograde maneuvers (DEO1, DEO2) targeting the reentry arc as
follows:
0 Apogee approximately at ISS altitude (after Departure maneuver and ~24h
free-drift)
o Perigee nominally at Okm (e70km if high percentage of ergol filling in the
tanks)
- 1min | +/-24h ‘ 2T X
. . QS O
| ' N OO
| DEP DEO1 DEO2 S X
o | & & s
&° ' VS S P
N | @ (@ O
@ ' L @ @

Figure 16. ATV deorbitation generic stratey

4.3. ATV reentry trajectory and safety analysis

After the final deorbitation boost, the ATV will begin its descentettgry. As soon as the
last maneuvehas been completed, the attitude of the velsaligches toa tumbling motion

in order tocancel theeventualaerodynamic lift forcen the highest layers of the atmosphere.
The atmospheric interfacg 120 km altitudes reached about 18 mafiter the end of the last
boost. However, the ATV is not designed to undergo -antey and, as soon as the
aerothermal conditions will become severenaural destruction process will begiihe
possibleexplosion of the ATVimay generate instantaneousgveral thousands of debris, but
only thesizingdebris will be extrapolated until impact.
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The AIP (Aimed Impact Point for the mean fragment) is located in the South Pacific Ocean.
However, due to the fragmentation phenomenon, the debris will impaEiattie surface at

different points, generating an impact footprint. Therefore, the method will be to target with a
theoretical trajectory of a single fAmean fr
corresponding impact footprint still lay within tiEOUA.

Statistics methods will establish the Safety Reentry Area (SRWich is the area
surroundinghe footprint that corresponds to a'%mobability of debris impact outside of the
area(see documentl0]). Monte-Carlo simulationsallow to demonstrat that the SRA lays
within the SPOUA for the GSMA stratedyr the fdlowing initial ATV conditions:

1 ISS invaiant altitude from 300 km to 46km
1 Nominal reentry about 24h after undocking

In summary the mission analysis for deorbitation amentry fora spacecrafias the ATV
requires to:

1 To have tools able to the perform Mont€arlo simulations fordeorbitation and
reentrytaking into account the fragmentation of the vehicle

1 To ooveron the expected range of values of all the input parameegsssar for

mission analysis computations

To use representative uncertainties and dispersions for the input parameters

To dmulate GNC systermodesin deorbitation and reentry

To have precise models for fragmentation & explosion phenomena

To be able to targetih the ATV a given impact point

To respect the safety requiremefds controlled reentry operations

= =4 =4 -8 -9

4.4. FDS Mission Analysis Tools for deorbitation and reentry

The deorbitation strategies are computed by the FDS operational-RIeMT(see document
[3]), and by DOORS, an internal mission analysis tool.

To perform global tasks of mission analysis for deorbitation phihe&DS takes as inpst
the altitude of fragmentatiothe model of fragmentatioand thedeorbitationstrategy. Tk
tool ELECTRA (intemal) simulates the fragments trajectories and performs digper of the
reentry trajectory, as it is describedpirevious publicationf8].

4 5. Former missions deorbitationscenarios

The experience on the past ATV missianshat with the exception of ATZ mission, each
deorbitationscenariorequired modifications and complementary studeebe demonstrated
before execution. In spite of the fact that the two deorbitation maneuvers scheme has never
been alteredother changes and additional requirementth&reentry trajectory had to be
taken into account rapidly by the flight dynamics team

1 ATV1 Jules Verne reentry was chosen to performeaperience of observation of
ATV from the ISS This experience had to be performa&idthe orbital nightwith
bothISS and ATVWehicles phased at the exact timalefatmospheric reentry of the
ATV, implyinga compl et ©@lhy s h a g odésgre aloag vatly § new
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target point definition for rgphasing and a new opgtonity for reentry computation
method

1 ATV2 was a fully genericdeorbitationwith DEO maneuvers executed 24h after
undocking

1 A stopduring ATV3 undocking negative chronology causedpbstponementf the
undocking and as a result of that and for safety reasbesATV had to enter in a
freedrift phase of 4 daydetween separation with the ISS asthrting the
deorbitationsequence

1 During the ATV4 reentry a new optical experience was performedth a trajectory
reentry alsopha®d with the ISS at the orbital night In this case, several
modifications were introduced with respecthe ATV1 mission rephasing strategy,
the interface point definitiorS(;, REEN andthe opportunities computation.

4.6. Former missions rephasing strategies

The re-phasing strategy will be needed if the ATV has toused to perform optical
observations of the vehicle reentry from the ,I&S it was the case of tl#el'v1l and the
ATV4 missions As no generic analysideals withthe rephasing strategy as sudpecific
analysis must be developed case by caséhby-DS eam and particularlypy the TRA
operators prior to the operational execution of the strategy.

The problem here consssof re-phasingthe ATV to exactly reenter the Earth atmosphere
(around 116120 km of geodetic altitude) within the cone of observawdrthe optical
instrument orboard the ISS. In order to do that, three aspects must be solved: a) define the
target point that leads the ATV in the cone at the right tim&2SREEN), b) evaluate the
maximum dispersions at arrival of the interface poiat/& REEN, and c) design the
maneuver strategfacilitating to achieve the previous two conditions. All of this must be
done with the maximum rese of operational products and previous mission analysis studies.

The solution to all this has been teusephasing GSMAphasinggeneric strategies in the
frame of a descending-phasing. Symmetric solutions to the ascending phase can be found
building strategies with retrograde tangential maneuvers. TP maneuvers to transfer to the
necessary drift orbit, MC nmeuvers to cope with fredrift dispersions during the drift
phasing orbit, several TV maneuver cycles to cope progressively with dispersions and
reducing thengraduallywhile approaching the interface point. The following table serves to
compare the ascdimg phase maneuvers and the descending phgdeasing maneuveis

ATV4 mission. The symmetries are evident.

Tangential component of the maneuvers (m/s)
TP1 | TP2 | MC11| MC12| TV11| TV12| TV21| TV22| TV31| TV33| IF3
ATV_4 112 | 111 | 16 16 | 21.7 | 222 6 6 3 3 1.2
Phasing
ATV4. -11.7| -11.7| -1.5 | -15 -14.8 | -14.7| -3 -3
Rephasing

Table 4. ATV4 re-phasing maneuvers vs. phasing maneuvers

TheATV1 re-phasing took place between the 5th Septembetlan29th September 2008. It

was a long strategy (about 23 days) during which ea€@lRM computation was performed

with the same targeted state vector J2000 coordinates, the targeting time was tuned to
compensate for ISS trajectory variations.
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The ATV4 re-phasing duration was shorter, taking approximately 5 days to go from the
undocking date, the 28th October, until the interface point, which took place"the 2
November 2013. Equally to Jules Verne missiotQRM computations were performed with
the sameargeted state vector all along, but on this tim®RM was used in 3D mode
insteadof 2D, being able to correstmultaneouslyn-plane and oubf-plane dispersions.

Figure 17. ATV1 and ATV4 re-phasing profiles Table 5. ATV1 and ATV 4 re-phasing
strategy maneuvers

420
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400 ATV1 ATV4
I1st | 2nd | 1st | 2nd
Cycle | Man | Man | Man | Man
TP (orTR)| -7.9 | -7.1 | -11.7| -11.7
ATV4 MC1 00| 00| -15| -15
07 MC2 0.0 | 0.0
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4.7. Former reentry observation experiences

Concerninghe ATV1 observation, previougublication[7] explairs clearly the objectives of

that experience: a) detection of explosion events (if anyedtimation of altitude of main
breakup events (explosion or fragmentation) with accuracy better than 5 km and c) analysis
of trajectories, size, temperatuaed materials of the fragments.

Figure 18. ATV1 and ATV4 phased reentrytrajectories During this mission, TRA

position at the ATVCC
AVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY Sc fpoe established the essenti
ol D01 Dega procedures to build the targ
point from which the ATV shal
250 Ao A start the deorbitation phas
towards a phased reent
trajectory laying within the
observation cone. T&imission
analysis work was performe
100} during ATV Jules Verne
attached phase, as the neces:
-] / inputs and project decision d
N — il not rise early in the mission.
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The results othe ATV1 reentry campaign were fully satisfactory and they are available in
the paer[7]. Figurel18 gives the reentry trajectory of ATV1 as seen from the ISS frame (red
color).
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The ATV4 observation(green colorFigure 18) pursued equivalent objectives ttre ATV1
experience, with théallowing exceptions:

ISS altitude is higher for ATV4, at around 415 km, than for ATV1 at 350 km.

The apogee altitude of the reentry arc of ATV4 was 300 km, while for ATV1 it was
around 330 km.

1 The targeted perigee altitude of the reentry arc of ATV4a&@km, while for ATV1

it was 0 km.

T
T

An iterative procedurgvith T-DEM was developetb compute the targeted statector at S
1/2_REEN. The interpolation condition is to have the altitudes of interest [A51K20 km]
within a cone with a Field of ViewHoV) of ++ 35° underneath the ISS (towards Z _LVLH).
Figure1l9 andFigure20 shows ATV4 results for ATV4 experience preparation.
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Figure 19. ATV4 reentry trajectory in X,Z plane within Figure 20. ATV4 reentry trajectory in X,Y plane within
the observation cone of the ISS the observation cone of the ISS

The reason to lower to 300 km the apogee of the reentry arc in ATVthaiake trgectory

of interest todayy s t he | SS deorbitation prof,iid e, al
reference to the small pitch angle at which ¥kaicleshall enter the atmospherio lower

altitudes were covered by the generic mission analysis docuatehts time.

A targeted perigee altitude of 0 km w
proposed, but due to an overloading
propellant at undocking the perig
altitude had to be reduced @0 km to
ensure the safety requirements. It
important to say that all the ATV4 ¢
phased rentry planning hado be set ug
in less than 2nontts prior to undocking,
it was a clear demonstration on how f.
must be the mission analysis work carr
out. As a result of this experience, AT
fragmentation over a black pacific oce
was followed fronthe altitude of the ISS
obtaining much data on ATV reent

trajectory main events, and pictures as Figure 21. ATV4 reentry over the nocturne Pacific Ocean (picture
one hereafter. taken from the ISS)
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4.8. Former missions deorbiation strategies

The followingTable6 provides some figures of the past ATV deorbitation strategies

Mission: ATV1 | ATV2 | ATV3 | ATV4
Deorbitation type| Phased GSMA GSMA Phased
Delayec
Ergols tanks filling <10% | <10%| <10%| >10%
Duration lday | 2day | 4days| 5h
ISS altitude (km)| 351 395 408 417
Reentry orbit:
Perigee alt 0 0 0 -70
Reentry path| -1.45 [ -1.65 | -1.71 | -1.63
DEODV (m/s) 29.85 | 47.14 | 60.71 | 26.98
DEODV (m/s) 70.2 | 66.93 [ 66.73 | 88.4

Table 6. Past ATV missions deorbitationcharacteristics

4.9. ATV5 deorbitation strategy baseline

The actubworking date for ATV5 undocking is January 201¥5TV5 Georges Lemaitre
deorbitationbaselingfor a shallow reentrias not yet been establkshand whether it will be

issue of an observation experience concerning ATV and/¢Biglesis still under discasion

due to the unfavorable illumination condition in the south hemisphere during end of January
If the choice of a new observationnsde several new conditions will l®nsideredand it is
foreseen that they will be of great impact concerning theiarisanalysis domaiargeting
aphased observation offas h a |l | o ar®dneqiees t r y

Modification of the operational baseline agreed with partners

New specific analysis for the-ghasing strategy.

Renewal of the existent generic mission anaffggisleorbitation

New products (including TC commands) to be made by other teams iR ATV
CC.

= =4 -8 -4

5. Conclusion

The ATV-CC teams have successfully conducted ATV operatamd mission analysis
achieving the following results
1 A strategy desigwith the greatestiéxibility towards launch, docking, undockj and
reentry scheduling, evesimultaneous flightsvith other visiting vehiclecould be
supportedProgress, Dragoand Cygnups
1 A system of generic mission analysis broad enough to cover the most number of
possible strategies withoahychanges owith reducedmodifications
1 An organization capable of realizing specific mission analysis in parall¢heo
mission campaigns of qualification and operations
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