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ABSTRACT

The Asteroid Impact Deflection Assessment (AIDAkgiION, a collaborative effort for Planetary Deferiseolves
the DART and Hera spacecrafts targeting the Didyiosorphos binary asteroid system. Their objectivetude
assessing asteroid deflection, conducting closersbtons, and demonstrating future mission teagiek. DART,
launched by NASA, impacted Dimorphos in Septeml@222 While Hera, an ESA spacecraft, carrying Juasand
Milani 6U-XL CubeSats, will be launch in October220to reach the binary asteroid system after ay@a-Cruise.
Hera will arrive in December 2026 in order to clutesze afterwards the result of the DART impacteémms of
reshaping and deflection of Dimorphos. The Frenphc® Agency (CNES) contributes to Hera’s missionugh
CubeSats preliminary trajectory design and closgiprity operations for flight dynamics and paylogadsgramming.
From the mothercraft ejection to the realizatioritef scientific objectives of the different paylsa@nager, radar,
gravimeter, radio-science experiment) to landihg,roximity operations will be held in 2027 wittihe C-FDSOC
(Cubesats Flight Dynamics and Science OperationteCefrance) in support of the CMOC (Cubesat Missio
Operation Center, Belgium) with direct interfacehwihe HMOC (Hera Mission Operation Center, Germasyall
uplinks and downlinks transit through the Hera neeghip. Taking into account the various constrdimteach phase
implies specific trajectories design with dedicatedneuver strategies and payloads acquisitionsesega through
an adapted Concept of Operations shared with Hetand segment European stakeholders and Payloaus td his
paper will therefore present the different typedrafectories and the preliminary ConOps and necgsground
segment automation elaborated to fulfill missiomggamming and flight dynamics objectives for theo tihlera
CubeSats, Milani and Juventas.

INTRODUCTION models, before the ejection, separation and relefabe

The scientific objectives of the two missions DARfd two CubeSats: Milani and Juventas. The. French Space
hé\gency, CNES, was granted responsibility for close

HERA are to assess the deflection of Dimorphos, t éq iy fiaht d ; 4 missi lanni
smaller asteroid of the Didymos binary system, toProximity g ynamics - and mission ‘planning

perform close observations for asteroid charaaédn, operat!ons (.Jf these t\./vc.)' CubeSats around _'ghe binary
and to demonstrate navigation bases and autonomo gtermd. This responsibility begins from the afEcDf
technologies for future deep space missions. Tiw fi € mp.therc'raft_ and extendg up to the fulﬁlln;ehthe
NASA mission, DART, has impacted successfullyS‘?'em'f'.C objectl\_/es of the d'ffere”F CubeSatsyIp_ads,
Dimorphos on September 26, 2022. The second, iera, with a final landing on the Asteroids. These operat

. ill be held in Toulouse at the FOCSE (French
an ESA spacecraft carrying two European CubeSat ! . . : -
(Juventas andilani) to be launched in October 2024 gperatlon Center for Science and Exploration), ¥itic

(from the 7 to the 2. Hera will have a 2-year cruise part of the CMOC (CubeSat Mission Operation Center,

: . SEC, Belgium) with direct exchanges with the HMOC
ﬁ;\ﬁ/ei,nugsrierr]gEZS(QISESOC operations lead, with a Mar era Mission Operation Center, ESOC, Germany).

The asteroid close proximity observation will catsif
a series of phases, for both CubeSats, with ejeeiil
)§eparation, deployment, insertion, far range, feans

When arriving close to the binary asteroid, by Deler
2026, Hera, the mothercraft, will first characterithe
asteroids in terms of dynamics, shape, and gravit
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close range, landing and disposal phases. Takitty indetectable. And thanks to the success of the DART
account the mission payloads, navigation, and ysafetmission, more precise data are available fromybtem
constraints for each phase implies specific trajges  and presented hereafter in Table 1. D1 and D2 piiepe
and dedicated maneuver strategies. For instancere taken from the Didymos Reference Model [1]
ASPECT (hyperspectral imager), Milani’'s main provided by ESA with estimated characteristics ivigte
payload, aims to map both asteroids and image DARThrough DART and LICIACubes probes images and
impact site with specific resolutions and phaselesg from post-DART impact ground radar observation for
(Sun-Asteroid center-Satellite). For JuRa (low-estimation of the orbital period change after dsifta.
frequency radar), Juventas main payload, the nmssioTo mention just one of the outstanding resultsperéod
constraints lead to the choice of Sun-Stabilizedof Dimorphos around Didymos has been reduced by
Terminator Orbits (SSTO) at different altitudes for 33min + 1.0 (8) [2].

global coverage of sounding acquisitions, with a

dedicated station-keeping strategy in low gravity| p; properties D2 properties
environment.

. A . L . Diameter* 730 m Diameter* 150 m
This paper will first introduce the Mission ovenig ! !
then it will present each CubeSat trajectory desagm c | - c | -
: ; ; ; xtents along principal axes Extents along principal axes
finally it will detail the ConOps for manoeuvresdan 819 x BOL X 607 m 179 x 169 x 115 m
payloads ground programming.
MISSION OVERVIEW Bulk density 2950 kg i Bulk density Unknown
Hera Mission Rotation Period 2.26 h Orbital Period 11.3685 h
Hera is a planetary c_iefense mission of first;: ee_npbus Rotation Period supposed
with a binary asteroid and smallest asteroid eisted, equal to orbital period if tidally
radar tomography of an asteroid, full-scale cratgri locked
physics experiment investigation, deep-space CubeS
for very close asteroid inspection. Hera will berlehed Orbital eccentricity 0.031
in October 2024 for a 2-year cruise including a $/1ar
flyby. Hera will arrive close to the Didymos systdim Distance between the centre of primary and secgrida®4 km
the end of 2026 for 6 months of science observation

Table 1: Asteroid properties after DART impact
(*Diameter of the sphere with the same volume as
the asteroid)

Note that the post-impact shape models are unknown.
Preliminary models for a case of strong reshapifig o
Dimorphos are available but not taken as referesdbe

. S . final Dimorphos model will be characterized oncedle
by “esione /7 reach the binary system by the end of 2026.

Figure 1: Hera timeline overview

Didymos Dynamics

Didymos 65803 system is composed of two asterdids o
different sizes and shapes. The main asteroid Digym
or D1, was discovered by the University of Arizona
Observatory in 1996. Its heliocentric orbit is etce
with an apogee at 2.3 AU and perigee at 1 AU. Hence
its revolution around the Sun takes 770 days. Rieggr
the moon of the system, Dimorphos or D2, was not Figure 2: Didymos shape model (DART, DRACO
discovered before 2003. Indeed, due to the low&bign images)

to-Noise Ratio, the presence of D2 was hardly
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HERA @

Juventas

Preparation Phase PREP 3d
Commissioning Phase COMP 4d
Insertion Phase INSP 7d
Observation Phase 1 SSTO1 30d
Transfer Phase TRFP 1-3d
Observation Phase 2 SSTO2 30d
Landing Phase LAND < 1d
Figure 3: Dimorphos shape model before DART Milani

impact (DART, DRACO images)

Ejection and Separation Phase =~ ESP 4d

A spacecraft inserted into the Didymos system Commissioning Phase COP 3d

envirorment is subjected to four main interactions that, Far Range Operation Phase FRP 28d
depending on its distance from the barycenter@istem, Close Range Operation Phase CRP 28d
will have an impact on the dynamics of the spacecraft Experimental Phase EXP 17d
The main forces that will act on the CubeSats aidha Disposal Phase DIP ~ 1d

Didymos system are : the gravitational attractomerds
D1, D2 and the Sun ; the force due to the Solaid®ad  Table 2: Juventas and Milani summarized Timeline
Pressure (SRP).

JUVENTAS MISSION ANALYSIS

CNES is in charge of carrying on the preliminanydées
Launch is scheduled for October 2024 with an ariiva handled by GMV on the Mission Analysis of Juventas
the Didymos system on December 2026. The twaintii cubesat CDR. CNES is responsible of the
CubeSats will not be immediately released from theDperational Mission Analysis taking into considamat

mothership. Hera will first perform an Early both cubesats at a system level for proximity opena
Characterization Phase to enhance our knowledgeeof requirements.

system in terms of dynamics. After 6 weeks, thst fir
CubeSat, Juventas will be released in January 202Payload & Platform
Fourteen days later, Milani will also be separdtedh
the mothership to start its journey. Figure 2 besthvws
the preliminary timeline of each CubeSats, in refat
with the mother craft timeline. These phases ar
summarized in Table 3 below and will be detailethia
next sections.

Preliminary Timeine

Juventas is a 6U-XL spacecraft with a wet mas&§1
developed by GomSpace devoted to the geophysical
characterization of Dimorphos. Juventas mission
%nalysis study has been entrusted to GMV. It ispgupd

with a low-frequency radar (JuRa), 3-axis gravimete
(GRASS), radio inter-satellite link (ISL), visibléght
camera plus Inertial Measurement Unit (IMU).

—ﬂr’ Regarding the ADCS and GNC, the cubesat is equipped
ad 7d 34 _ 14 _ 304 _<ad with the hardware exposed in Table 1 below. Nog th
WVENTAS O e @ s @ s01 Ormer © ssroz iano® after deployment the solar arrays of Juventas are n
rotating.
w 3w aw 6w 6w
® @ ¢ —@ @ [ ] (]
ECP PDP pce cop EXP
7 Fine Sun Sensors
% ADCS 1 IMU
Sensors
Figure 4: Preliminary Timeline of the HERA 2 Star trackers
spacecrafts ('w’ corresponds to week and 'd’ talay,
hot to Scale) 1 Navigation Camera
GNC Sensors|
1 Laser altimeter
Actuators 4 Reaction Wheels
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Cold Gas Thrusters (1mN,
ISP=50s)

Table 3: Juventas ADCS & GNC

duration

compatible with operations timeline

uplink and downlink pattern (4-3 days).

Juventas Trajectory Design Overview

s
o & l
W\B‘l‘

AsL o™

=

Trajectories arcs and manoeuvres shall have a

The proximity operations for Juventas mission are
planned to start on January 2027 and are split into
different phases listed below, for 3 months of afiens
that could be extended to 6 months.

Deployed JuRa antennas

N

Phase

Description

%,

Nadir direction 1o Bqﬁ?
asteroid Didymain

Preparation &
Commissioning
Phase — PREP &

COMP -

The CubeSats will undergo checks in expose
phase then will be released on an hyperbolic
with radar antennas deployment and S/C
commissioning activities.

Insertion Phase -
INSP

It represents the most critical part of Juventag
mission. The CubeSat is inserted into its first
observation orbit.

Observations Phas
1-SSTO-3300

The spacecraft remains on a SSTO with a se
| major axis of 3300m. The purposes of the
| Observations Phase are to operate low-
frequency radar (JuRa), and to perform radio
science with the ISL.

Transfer Phase -
TRFP

Juventas performs maneuvers to reach a SS]
with a 2000m semi-major axis.

ro

Figure 5: Juventas ADCS & GNC(GomSpace)

Mission Objectives and Operational Constraints

Observations Phas
2 - SSTO-2000

¥ The spacecraft remains on this reduced SST

Juventas main objectives are to determine the tyravi
field of Dimorphos, the interior structure of Dinpdos

Landing

Landing attempt on Dimorphos.

and the surface properties of Dimorphos. The mair
mission and operational constraints for Juventas a
listed hereunder:

Bouncing and
Surface(no
trajectory design)

Surface operations with mainly GRASS
measurements (JuRa measurements accordi
to remaining power)

ng

The CubeSat shall map the surfaces of the
asteroids with its navigation camera

sequences and Radio Science Experime
measurements (ISL range measurements) wit
various relative geometries over close orbits
The CubeSat shall allow GRASS gravimeter
and landing IMU calibration sequences before
the landing phase

The mission shall end with the attempted
landing of the CubeSat on the surface of
Dimorphos

The CubeSat shall remain within a 60km range
from Hera to ensure ISL communications

The Cubesats shall point toward D1 or D2 for
optical navigation performances

The Cubesat shall allow JuRa radar observation )
nfll Juventas manoeuvers associated to each phase ar

fepresented on the figure below (station keeping no
included).

comp INSP TRFP

Table 4: Juventas Proximity Operations Phases
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uventas manoeuvres timeline

Insertion Phase (INSP)

left in free flight. After these 4 to 7 days of
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The Insertion Phase of Juventas represents the firs
maneuvers performed by the CubeSats in the Didymos
dynamics. This phase follows the Commissioning Bhas

where the CubeSat was released by the motherstip an



commissioning, the CubeSat is supposed to reach —— ssTO-3300 SSTOs in Hill Frame

SSTO1 within 7 days. The design of this phase kas b e e,
carried out with the idea of being robust to maresing //
errors since calibration will not have been perfednyet 4000 1
and given that the dynamics of the system will & e |
quite uncertain. The phase is designed such that th 2000 \ '
satellite is injected into a 7-day arc towards S$TO /—
through a shooting method. This arc allows a péssib S
maneuver correction after 3 days if the first mameu pal] ,ﬂ?;\"“ \
was non-nominal. .
INSP in Hill Frame -2 000Q
) L ALY -400Q .-
= | 2000 T -4 000
N Man 42} \ Xpin [m]
‘l\\:” \| oo 200707 2000 g
‘* \ Figure 8: SSTO1 (3300 m) & SSTO2 (2000 m) in
P N} Freoe Za [m] Hill Frame (black arrow represents the Sun
direction)
o \| Yoo Transfer Phase (TRFP)
: \ pv—— The Transfer Phase consists of maneuvering to lgeve
Fo 0] 0 h¢ INSP/hack-up SSTO1 and reach the SSTO2 as in figure below. 8urre
\\ , ! V‘ELJ:STO studies have revealed that a modification of thmise
' e [n;}m major axis of SSTO1 induces an out-of-plan osadlfat
of the trajectory that will allow the satellite tatersect
Figure 7: Insertion Phase in Hill Frame the plan of the second SSTO. The two maneuvers are
180° apart and are initially computed using Kepleri
hypothesis for semi-major axis modification then
o ) ) tangential correction is adjusted to match thel faesni-
Sun-Stabilized Terminator Orbit (SSTO) major axis.
Juventas will pursue most of its scientific objees
during the observation phases where the spaceuithft o tHPmHERRee
evolve on a SSTO. This type of orbit was chosen fo ssToL e
Juventas for its stability. Indeed, in an environine SSTO2 |
where the SRP is comparable to the attraction foofe : s
asteroids, this choice enables to obtain quasogieri j
n #3|

orbits. Those orbits have particular charactesstibey
belong to a plan normal to the Sun direction aiglgtan
is offset from the barycenter of the system bytem
hundred meters along the Sun direction. For JuRarra
acquisitions, it was decided that the satellitd axblve
on two successive SSTO with a semi-major axis 6033 ,
m and 2000 m. Both of them are represented inthe H | | % St/ :
frame in the figure below. The stability of thesbits : =il
implies that station-keeping maneuvers are no
mandatory. Though, dispersions studies are cuyrentl
undergoing to assess the needs for station-kedping
answer mission programming constraints. Note theat t
duration of each phase and the altitude considiuwedg
preliminary mission analysis could be modified
depending on further mission programming optimaati
studies.

!

ro Znin :Ill:

L1000

{--1 500

{--2 000

-2 500

{--3 000

L3500

== 4000

E 4
4000 3000 2000 1000 0 -1000 2000 3 000 000

0
Kprin [m] Vi [m]

Figure 9: Transfer Phase in Hill Frame
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Landing Phase (LAND)

Landing on an asteroid is quite critical operation,
especially on a binary system such as Didymos.
Considering a Circular Restricted Three Body Pnuble

(CR3BP) expanded to take into account the ellipgoid

shape of Dimorphos, it is possible to determine the
Guaranteed Return Speed (GRS) and an associated Tim
Of Flight (ToF) for a given Coefficient of Restiinih
(CoR) related to the surface properties of theraiste

tiana: Characterization of the position of D2 is
set by the user and the illumination conditions
Ossto and Atgpproacn: rely on  preliminary
phasing studies and on illumination condition
throughout the landing

Atgescent @aNAV,,4: determined using the three
body problem characterization.

The figure below represents a possible landing¢tajy

The GRS is a necessary condition, from a purelyggne designed using the method described.

perspective, that sets a maximum speed at theceuofa
D2 not to be exceeded on landing, at the risk chpging
from the body.

A preliminary study was carried out relying on adgr
search on different landing parameters. Those themre
converted into candidate trajectories departinghfia2
surface, back-propagated to reach the SSTO using
variable time shooting method. However, this methoc
failed due to high impact speeds exceeding GRS an
CubeSat mechanical integrity (< 10 cm s—1). To esklr
this issue, a breaking maneuver was added, enlgancil
design flexibility. This method divides the landingo
two phases: an approach arc bringing the spacecre
closer to D2 and a descent arc ensuring a safeiand

ICRF
' — SSTO s
CubeSat
2000 _. 55
b 52
1000 | 48w
— 46 £
£ 43 o
- 04 415
38 F
o
-1.000 | 35 £
_ 32
2000 |~ 57000
-2 000 %

200 Y [m]

0
X [m]

the

Figure 10: SSTO phasing study for landing and total
DV assumption

 This strategy produces
sufficiently low impact speeds. The landing
strategy involves five key parameters: landing
epocht;g,g, SSTO departure anomabysro,
approach and descent times of fliging,,-oqcn
andAtescens, and landing velocity;,,,q taken

Zin [m] L

D3 at BM and Landing date in Hill Frame

-100

— Approach

iy

Descent
5% Breaking Man

* Touchdown [m]

a0
X [m]

-500

1200
-500

Figure 11: Juventas Landing (D2 represented at
breaking manoeuvre (right) and at landing (left))

29 MILANI MISSION ANALAYSIS

CNES is in charge of carrying on the preliminanydses
handled by Politecnico di Milano on the Mission
Analysis of Milani until CDR. CNES is responsiblé o
Operational
consideration both cubesats at a system level for
proximity operations requirements.

Mission Analysis taking into

trajectories  with Payload & Platform

Milani is a 6U-XL Cubesat developed by Tyvak
International devoted to the visual inspection dndt
detection of Didymos asteroid following DART impact
It is equipped with VISTA a dust analyzer, and ASHE
a multispectral

imager to perform mineralogical

normal to the surface. An optimizer was jnaiysis. In addition to these two main payloads, t
implemented with a selection of different yaycAM, a payload mainly used for navigation, and
minimization objectives. The initial guess for e || as well as Juventas. Regarding the ADCS and
this optimization algorithm is determined as GNC, the cubesat is equipped with the hardwaressgho

follows:
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in the table below. Note that the solar arrays @M  (range, phase angle, relative velocity), opticaigation

are non-rotating. (range, phase angle), and data budgets.
1 IMU The main mission and operational constraints fdaMi
ADCS are listed hereunder:
Sensors
! Star trackers « The spatial resolution for Didymos bodies
imaging shall be better than 2 m/pixel
GNC Sensors 2 Coarse sensor madule + The spatial resolution for Dimorphos imaging
shall be better than 1 m/pixel
3 Nano Reaction Wheels «  The mission shall image the DART impact site
Actuators with a spatial resolution better than 0.5m/pixel
8 Cold Gas Thrusters (7.5 mN, e« The CubeSat shall capture at least 5 images
ISP=40s) equally distributed over the longitude of D1 in

—-rommon o>

Mission Objectives and Operational Constraints

Navigation Camera & LIDAR
ASPECT Payload

ISL Patch Antenna
Thruster Modules
Laser Retroreflector
VISTA Payload

both VIS and NIR wavelengths

Table 5: Milani ADCS & GNC « The CubeSat shall capture at least 5 images
equally distributed over the longitude of D2 in
both VIS and NIR wavelengths

e« The mission shall image a selected area of
Didymos bodies surface for phase curve
measurement (surface microstructure) with
ASPECT observations at various phase angles
in the range of [0; 60] deg

» Phase angle below 90 deg relative to both D1
and D2. This is a navigation constraint to ensure
the visibility of D1 and D2 at any time, to
enable optical navigation

e Transversal component of the relative velocity
between Milani spacecraft and the D2 surface
during the observation of the crater shall be less
than 2 m/s

* The CubeSat shall remain as close as possible
to Didymos bodies during VISTA dust

Ft axbloyer inteface Soard accumulation phases
S Aray nersee Board [0 Reacion WheelAssemly *  The CubeSat shall remain within a 60km range
o from Hera to ensure ISL communications
R NareLowd Coptrfa * The CubeSat shall remain on hyperbolic arcs to
Coarse Sensor Module T Inertial Measurement Unit ensure the integrity of the system in case of
missed manoeuvres
Figure 12: Milani assembly (Tyvak) + The Cubesats shall point toward D1 or D2 for

optical navigation performances
» Trajectories arcs and manoeuvres shall have a

Milani main scientific objectives are to: duration compatible with operations timeline

uplink and downlink pattern (4-3 days).
Map the global surface of the

Didymos/Dimorphos asteroids Milani Trajectory Design Overview

Support gravity field determination The mission of Milani begins after ejection froneth

Evaluate DART impact effects on Dimorphos - mothercraft Hera. Its mission is split into fivegses that
Characterize dust clouds around the Didymosyye listed in table below.

asteroids

The mission and operational constraints for Milare
derived from the mission requirements and the
constraints due to ASPECT properties and operations
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Phase Description FRP in Hill Frame

This phase starts at the separation from Hera.
The required instruments and spacecraft
systems will undergo some checks

Commissioning
Phase - COP

10000

[ 8000

Far Range Global mapping of both asteroids is performed N h s
Phase - FRP | atarange of 9-11 km from the system. T - h

[ 4000

| 2000
A Close-up Observation is done at a range df
Close Range | 2-6 km from the system to better map
Phase - CRP | Dimorphos and acquire high-resolution data W
from DART crater. ) TR Man #2]. | -4000
z= . Man #4 ] <6000

Man #6
fan #8] .l "] -8 000

Zpin [m]

[ -2000

Milani starts a progressive descent of its
Experimental | altitude to inject itself on a SSTO at 3 km to
Phase - EXP | wait for a phasing with Dimorphos allowing &

= | <10 000

Vyin [m] -5000

Ianding <000 Toono 7500[01[1.
-Hill 1
Disposal Phasg The spacecraft begins a descent to land on Figure 14: Far Range manoeuvres in Hill Frame
- DISP Dimorphos

Table 6: Milani Proximity Operations Phases
Close Range Phase (CRP)

The Close Range Operation Phase goal is to pravide
rdetailed mapping of D2, as well as detailed imaxjdke
BART crater. The DART impact site is set on D2 aogf
with a longitude of 264.30° and a latitude of -8.84].

All Milani manoeuvers associated to each phases a
represented on the figure below.

Two images of the crater at different phase anigta®

:
o o m oo

to be acquired. To do so, the phase alternatesekeatw

R T T SR O SEEE TR N YU S S N + three types of arcs: Waypoint, Escape, Re-catch.
Q?Qﬁﬁqgh 533?2(/0@ 1?9:\ qun C’Qﬁ C/Qg’h(?gﬁ «‘Q 49‘;!\‘:1}0 514\0’9!”\0 eéoﬁﬁ«a Vove‘
Figure 13: Milani manoeuvres timeline Waypoint arcs: These arcs are dedicated to the

observations of the crater at specific points ef anbit,
called Key points. These points are set to resprter
imaging requirements mentioned previously. Placing
Far Range Phase (FRP) them at such a distance from D2 is critical andesents
The FRP phase aims at observing the system from @ safety risk for Milani which is why they are loed
distance about 10 km ensuring the safety of thegoamd ~ around the end of the observation arcs to ensure a
carrying out a complete mapping of D1 and the firstminimum time spent at such low distance.

images of D2. Its trajectory consists of a successif )

hyperbolic arcs on the illuminated side of the twdlies. EScape arcs These arcs are placed right after the
The maneuvers of this phase are designed to fdtiew wa_ypomt arcs and are designed such that Milans goe
pattern of the Hera mothercraft maneuvers patterng]uickly and safely away from the system. To detegmi
synchronized with the ground segment uplink openati  Which direction ensures the safety of the spacgcaaf
cycles which are a succession of 4 and 3 daysidarat dispersion analysis is performed for fixéd and escape
arcs. From the scientific requirements, one caindef Velocity norm. It is worth pointing out that these
Waypoints which correspond to maneuver points @ th Manoeuvres are the most expensive of the Milani
figure below. Once these points are defined, atafipo Mission analysis due to their close proximity te th
method is used to generate the arcs between tHyStem.

waypoints.

P Re-catch arc These arcs are conceived to reach the
initial state of the next waypoint arc through aating
method.
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CRP in Hill Frame Note that for Disposal phase (DISP) of Milani, et
T studies are ongoing for analysing different optiéms

———___designing a trajectory approach and controlled el@sc

| for landing on D1 or D2. Actually, DART images take

Lien 9 ‘ from DRACO camera have shown regions of interest on

D1 that would be interesting in terms of science fo

eventual landing.

10000 ]

4w HERA CUBESATS CONCEPT OF OPERATIONS

Zin ["'] 5000 .- ’ P
oo Hera Operational Phases

e e The operations of the Hera mission are divided tho
following successive phases ([HERA-MOCD]) and the
d o dates are based on a SpaceX Falcon 9 launch ib€rcto
2024:

10000

-15 000

-10 000
Kpin [m]

Figure 15: Close Range manoeuvres in Hill Frame  LEOP (Launch and Early Orbit Phase): up to 3 days with

the launcher dispersion trajectory correction, &itjon
of safe attitude and nominal communication with
ground.

Experimental Phase (EXP)

At the end of the CRP, Milani performs a final maner ~NECP (Near Earth Commissioning Phase): begins in

to reach the initial position of a 6 km SSTO. Theegins ~ October 2024 for a duration of 4 to 6 weeks for

the Experimental Phase. The trajectory design isPacecraft platform and instruments commissioning.

intended to reduce progressively the distance tad1 . .
insert Milani into a 3 km SSTO. The method Cruise: 23.5 months from end of NECP in December

implemented here consists in performing an initialzo_24 tq start of Rendez-Vous Mgnpeuyres for aslerol
maneuver that will inject the spacecraft into aitiah6 arrival in December 2026, COF‘S'S““Q in Deep Space
km semi-major axis SSTO (Manl of Fig-13). This is Manoeuvres (DSM), A Mars swing by.
followed by eight maneuvers spaced d8apart, .
. RDV&SYNC (Asteroid Rendez-Vous and
Efrgdually reducing the SSTO from 6 km to the deke Synchronisation): up to 2 months with the executibn
' the RDV manoeuvres and the synchronization of

Proximity Operations manoeuvres with the Mission
Operation Center weekly schedule.

EXP in Hill Frame

- PROX-OPS (Proximity Operations): up to 4.5 months
s T 73] from arrival at the asteroid in December 2026 wehd
~— of the experimental phase in July 2027.
/_ Man #9) 000
/74 \ EoM (End of Mission): up to 1 month from the end of
“\“\#“ © )F:ﬁ T ] experimental phase to end of mission.
|
\%ﬂ ;’/ DIy The CubeSats operational phases are synchronized wi
= the Hera timeline, with dedicated operations adogrd
e to each phase, as shown in the figure below.
- cuser
‘,v i illl] ~2months. 2hmoane ~2 months. S s
Y gooooooooOooOOOOOOOGO —— o
Figure 16: Experimental Phase manoeuvres in Hill ~ ewion: e
Frame

Figure 17: CubeSats operational phases and Hera
timeline
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Hera Ground Segment Overview CubeSats Sequence of Operations Basgline
The HERA System is composed of the differentin order to command the trajectories and associated

following parts. manoeuvers detailed in the previous sections, iz aed
sequence of ground operations is necessary tdl thi
The HERA Space Segment including: trajectory design and the mission objectives. R, ta
preliminary baseline sequence of operation has been
* HERA mothercraft, designed to comply with the science objectivesfose
¢ MILANI and JUVENTAS CubeSats proximity operations covered by SSTO phases on

Juventas and FRP, CRP on Milani.

The HERA Ground Segment including:

Note that other operational sequences will be ddfin
Deep Space Ground Stations Network, later (Commissioning, Payload Calibration, Landing,
Hera Mission Operation CentetHMOC),  Contingencies scenarios as 'Safe Mode Return' or
located at ESOC in Darmstadt (Germany), in'Collision Avoidance' for example).
charge of HERA mothercraft Operations,
Management of the TC uplink and TM It is to be noted that this preliminary operational
downlink for the mothercraft and the two sequence dedicated to science is defined as anfmaty
CubeSats, Data dissemination baseline. This baseline will be updated during §aind
CubeSat Mission Operation Cent&2MOC) Early Characterization Phase, considering the bette
including the C-FDSOC (CubeSats Flight knowledge of the binary Asteroid system (reshaping,
Dynamics and Science Operation Center) andumbling, boulders) and the CubeSats performarfoes a
theCMCC (CubeSats Mission Control Center) commissioning.

CubeSatsPayload Teams in charge of the ) ) ) ]
Payloads Data management The sequence of operations is prepared during €ruis

with Pre-Long Term PlanningP( TP) definition and

For MILANI CubeSat Long-Term Planningl(TP) definition in order to refine

with Payloads Teams the science needs with regard t
ASPECT Visual and near-IR imaging the CubeSats on-board constraints.

spectrometer . o _ o
VISTA thermo-gravimeter Then, during proximity operation, these preliminary

sequences are refined in Short Term Planr8igP] and

For JUVENTAS CubeSat Very Short Term Planning VSTP) which are

operational sequences involving a reduced number of
JURA Low Frequency Radar actors.

GRASS Gravimeter . ]
These steps are represented in the figure below.

For both CubeSats, RSE and the Navigation Camera~

GRASS/VISTAJASPECTRSE
+NavCams

o

Deep Space % n
Ground Stations §_' CMOC (System) EXarnar Usere * Very Short Term Planning 2
® Objectives: Update Science Request with o

fresh Orbit Determination + Produce final i)

S/C & PL commands C-FDSOC

©

CMOCSU (Sub-system) |
[ [ Cubesat Payload Teams s

MILANI | JUVENTAS ~ HERA
HMOG C-FDSOC (Sub-system) '-;:a:-‘ [ m )

MMCC (Sub- | | JMCC (Sub-
system)

Team

opportunity payloads ] ,
( pp y p y ) €  Pre-Long Term Planning @ 'lc-_n:"!?,?‘_
R + Objectives: Define science objectives for ;‘"’. \?E‘%?‘g\?‘
/7~ HERA Space Segment u each payload per phase C-FDSOC (&) -
e [
“... — E + Long Term Planning ‘ﬁ-‘é‘\ ln?i‘g:\_:" S
e ) T~ - ﬂ’ * Objectives: Refine the science objectives in .."). “Of.'e?‘f“‘.
Al science slots CFDSOC i
\ [Cauvenmas P Teams
R o) &
=  Short Term Planning ﬂ‘l‘l 1% Y
% + Objectives: Produce Science Request C-FDSOC cMCC JuRa
HERA Ground Segment

Figure 20: CubeSats Mission Planning ConOps for

Proximity Operations
Figure 19: Hera space and ground segment overview
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Long Term Planning

For PLTP and LTP, the preliminary sequence of
acquisitions of the different payloads are defiméth

the long term predicted trajectories as designethén
previous sections from Mission Analysis and Trajegt
Design preliminary activities. This definition is
summarized with the sequence diagram below, inaglvi
Flight Dynamics System (FDS) and Mission Planning
System (MPS) computations within the C-FDSOC
(Flight Dynamics and Science Operations Center)

C-FDSOC C-FDSOC
HMOC CMOoCsU cmcc FDS MPS Payload Teams

Operational
Mission Analysis

I
| |

| |

| | : Report
| | :

| |

|

HERA Long Term B Cubesats &
Trajectory Prediction | | Manoeuvres Computation
Pre Long Term Planning
| Hera Long Term Trajectory

Hera Long Term Rredicted Trajectory H Technical Note

| Min & Max distance

constraint checks
w.rt Cubesats, Hera, D1&D2

ISL Communication Slots (TBC) |
ISL Communication Sipts (TBC

|

|

|

|

I

|

|

|

|

|

| |

i I
| Mission

constraints checks |

I |

|

|

|

|

|

|

|

| Cubesats Long Term Planning
\ Long Term Trajectory Schedule Elaboration
Cubesats Predicted Long Term Trajectories Prediction

| i Cubesats Predicted Long Term Trajectories

Cubesats Predicted Long Term Trajectories | |
reliminary Long Term Planning Schedule
| T slot patterns

T x H v
Preliminary Long Term Planning Schedule H Preliminary Long Term Planning Schedule
slot pattems; | slot patterns)

. . |_OPS |
Operational Coordination Loop between
C-FDSOC, Payload Teams, CMCCs, CMOCSU

Long Term Planning Schedule

|
|
|
|
|
| | |
| - t |
|” Long Term Planning Schedule Long Term Planning Schedule 1 Long Term Planning Schedule i
| | | |
| I I I
| ! | I
| | | !

Figure 21: Long Term Planning (LTP) Schedule

Short Term Planning  Computation of the CubeSat Predicted
Trajectory and manoeuver computation on the

During close observation operations, once the CatseS X -
next Programming Period

have been inserted on their ‘mission trajectonesich : : ]
are respectively SSTO for Juventas and FRP/CRP for * MPS ingestion of manoeuver programming
Milani, the sequence of manoeuvres and payloads from FDS _

acquisitions defined on the previous Long Term ¢ MPS ingestion of JuRa Science Requests,

Planning steps are refined in what are so callecsttort consistent with the LTP Schedule
Term Planning$TP) and the Very Short Term Planning + Science Requests preparation and refinement
(VSTP). on the basis of the LTP Schedule for the other
payloads (ASPECT, GRASS, VISTA, RSE,
The main steps of th&TP are the following: NavCam)
e Preparation of draft Mission Plan taking into
e« On-board state refresh in ground components account manoeuver plan and programming plan
FDS and MPS with the daily Telemetry and for the next Programming Period.
downlink
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This preliminary Mission Plan is distributed to CRC CONCLUSION

(Cubesats Mission Control Center) for validation. This paper presented the preliminaries trajectesigh

A Mission Plan would nominally cover 2 Programming studies_ under_ (.:NES res_ponsibi_lity _for the overall
Periods (nominal and backup period extended tcay® d Operational Mission Analysis considering both Jusen

to be resilient to contact loss with Hera motheftooa and Milani mission timelines. The payload acquisis
the Ground Stations) based on these trajectories will be commanded from

ground and will involve different ground segment
Then, for final Mission Plan submission based om th cOmponents and ~subcomponents for short time
latest orbit determination, the VSTP steps areqoeréd ~ OPerations requirements. These operational a@viti
in order to prepare the final telecommands to be se will be performed in the different c_ontrol centmsough
from Deep Space Ground Stations to Hera mothercrafUtomated sequences of operations but they widl als
and transmitted to the CubeSats through Inter i8atel INvolve Flight Dynamics and Payload Programming
Link (ISL). experts Qperators fqr adapted manoeuvres com_pmltatlo
and contingency mitigation, considering the lowugra
The main objectives of the VSTP operational seqegnc €nvironment and the unknown asteroids models. These
are the following: two missions reveal challenging studies while amiit
around low gravity small bodies, especially wherthbo
« Computation of the final Mission Plan CubeSats need to get closer for Dimorphos crater
including the selected list of Science Request®bservation and for landing. Considering that dyicain
compliant with the different constraints models will be updated when Hera will arrive neattiey
« Prediction of the most accurate CubeSatdinary system, it is important to consider possible
trajectories, based on latest orbit determinationadjustments on the mission timelines and trajeesori
« Detection of collision risks for each CubeSatdesigns due to models updates but also to evenéval
(and eventual risk mitigation in case of lately OPportunity — science objectives and operational
raised alarm). constraints from the asteroid environment.

The STP and VTSP operational sequences, synchrbnize
with Hera ground segment downlinks and uplinks, are
summarized in the figure below.

MAN MAN
AL )
JUVENTAS 7 n days Arc TBD [ n days Arc TBD ]
""""""""""""""""" MAN "~ MAN MAN MAN
L <4 & 4
i 3 days Arc ] 4 days Arc 3 days Arc [ 4 days Arc ]
TM (monitoring & OD) ‘ TM (monitoring & OD) ‘ TM (monitoring & OD)
N-2 PROGRAMMING PLAN \ N-1 PROGRAMMING PLAN N PROGRAMMING PLAN > N+1 PROGRAMMING PLAN
ON-BOARD TIMELINE w
- - 1 &
3 3 8 : : 8 . 3 g :
ox B & <z 32 z & %z e & g
3% %3 = 3 32 < ] 2z 3z i 25
%3 8% H E3 SE 2 2 2 &% 2 %3
=2 = H =7 =3 L H =2 = g £
) 5 g s 5 2 2 3 K g
1 1
| T
| |
M > T > w ) T > F > S > S > M > T > w Ti > F > S > S '] > T >
e IS Week-end A MM A A A AWATAS Week-end
GROUND TIMELINE Monitoring Monilorlng| I T Moni!onngT T
Attitude & DV OD MPRCRF Attitude & DV OD MPRCRF Attitude & Dv OD MPRCRF
Es“"}g‘? Predicted Esuma!lu’)‘n Predicted Es"”_?!i?f Predicted
". Trajectory ,:h,@f@ Trajectory ‘f,'@? Trajectory
%’—) .-H_J Y Sn%
3520 5P P
"sw N “OF stpn sTPN+t :
ScReq preparation for N-1 & N ScReq preparation for N & N+1 ScReq DLgDara"Qn 'OI'OP;)" &N+2 :
On previous OD On previous OD gr_) N previous H,_,)
3520 2P
3520 vsTpN O VSTP N+
"- ScReq update for N & N+1 ScReq update for N+1 & N+2
VSTP N-1 On current OD On current OD

ScReq update for N-1 & N
On current OD

Figure 22: STP and VSTP Operational Cycles
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Acronyms

AIDA Asteroid Impact Deflection Assessment.

C-FDSOC Cubesats Flight Dynamics and
Science Operation Center

CMCC Cubesats Mission Control Center

CMOC Cubesats Mission Operation Center

CNES French Space Agency

D1 & D2 Didymos & Dimorphos

DART Double Asteroid Redirection Test

ESA

FDS

FOCSE French Operation Center for Science and

European Space Agency

Flight Dynamics System

Exploration

HMOC Hera Mission Operation Center

ISL

MPS

Inter-Satellite Link

Mission Planning System

NavCamNavigation Camera for autonomous optical
navigation

RSE

SRP

Radio Science Experiment

Solar Radiation Pressure

SSTO Sun-Stabilized Terminator Orbit
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