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The LICIACube mission will serve as scientific support for NASA’s

DART kinetic impactor
e LICIACube will be the first CubeSat to visit an asteroid system

e Hardware limitations and the complexity of the mission narrow down

the trajectory options

e Accurate optimization is adopted to identify best options for scientific

return maximization

e Robustness of the selected trajectory, in presence of uncertainties and

contingencies, is derived
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Abstract

In 2021, the DART spacecraft will be launched by NASA to intercept the
binary system Didymos and impact the moonlet (Dimorphos), to test the
effectiveness of kinetic impactors for the deviation of hazardous asteroids’
trajectories. The impact is expected to generate a cloud of particles, whose
study could provide valuable data about asteroid’s properties and impact
models. Observations from ground to characterize ejecta and plume evo-
lution after impact would be possible, but the resulting quality would be
significantly lower than a short-range imaging. In this framework, ASI (Ital-
ian Space Agency) and NASA started a collaboration to embark on the US
DART vehicle the LICIA (Light Ttalian CubeSat for Imaging Asteroid) 6U
CubeSat as a piggyback payload. LICIA is devoted to grasp science data
by imaging the ejecta plume after the impact, and observe Dimorphos sur-
face while flying by the binary system. The Italian consortium involved in
the mission sees ARGOTEC for the platform development, and INAF, Po-

litecnico di Milano and Universita di Bologna to cover the mission science,
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trajectory design and orbit de-termination tasks, respectively. The paper
focuses on the mission analysis and maneuvers design, strongly driven by the
science return, under the tight constraints enforced by the platform. In par-
ticular, it describes the preliminary procedure followed to derive trajectory
constraints and to select the best option for the flyby. Despite the mission is
still under development, and subjected to frequent updates of several param-
eters, the final performances derived in this paper maintain their validity as
they represent the desired target values for the mission.

Keywords:

CubeSat, Deep space, Asteroid exploration, Planetary defence, Trajectory

Optimization

1. Introduction

Asteroid and comets exploration has been a field of great interest dur-
ing the past few decades (starting with the NEAR Shoemaker mission in
2001), thanks to the enormous scientific information these bodies can pro-
vide about the early formation of the Solar System. On the other hand, a
large group of small bodies represents also a threat, being them very close
to our planet. In such a case, an accurate knowledge would be useful to
develop the best strategy for trajectory deviation techniques. The limited
information available on the physical properties (shape, mass, etc.), make
these bodies a high-risk environment to be explored, and to keep a safe dis-
tance is of the utmost importance. Smaller, light and low cost deployable
systems can then cooperate with main spacecraft, and perform higher risk

operations (e.g. Philae lander for the Rosetta mission (ESA) [1]). One of the



next targets for future missions is the binary asteroid system 65803 Didymos,
which provides a unique miniature environment, perfect for testing deflec-
tion techniques through kinetic impacts. In this frame, the DART mission
(NASA) will exploit a spacecraft to impact the small moon of the system,
while few years later, HERA spacecraft (ESA), formerly known as AIM, will
intercept the system to analyze the post-impact properties of the bodies, also
through miniaturized assets [2, 3]. The delay between DART and HERA,
however, is too high to observe the evolution of the impact’s ejected particles,
whose imaging and tracking would validate current impact theoretical mod-
els. Following the philosophy of exploiting low cost, light systems for high
risk operations, this gap in the science outcome will be covered by a Cube-
Sat, named LICIACube, that will be deployed from DART before the impact.
LICTACube will be one of the first CubeSats to fly in deep space, and the
absolute first to fly by an asteroid. Its main objectives are the observation
of the ejected particles, and the imaging of the system, to aid the volume
estimation of the impacted asteroid. The main drawback of the exploitation
of a CubeSat is the reduced resources offered by the system, which poses
several challenges in the mission design process. In particular, the trajectory
design has to face several challenges to make the mission compliant to all
the stringent constraints related to science, operations, platform, and risk.
The paper carries the reader through the flow-down of such requirements
and limitations into mathematical constraints for an optimization procedure
that is performed as part of the baseline trajectory selection process. Sec-
tion 2 introduces the mission in detail and gives a complete overview of the

operational scenario. Section 3 addresses the identification of the mission



constraints that comes from the limiting factors associated with the mission.
Section 4 describes the trajectory definition process, and a sensitivity analy-
sis of the results. Section 5 defines the problems and actions to be performed
as solution for two possible non-nominal scenarios. The conclusions and the

roadmap for future developments are presented in Section 6.

2. Mission scenario overview

Within the planetary defence context, the DART mission will be the first
test to assess the feasibility of deflecting a potentially hazardous object’s
trajectory through a kinetic impactor [4]. Its trajectory is designed to hit
the moonlet of the binary system at high speed, Dimorphos, in late september
2020, and visibly change its kinetic energy [5].

The main objective of the 6U LICIA CubeSat is to image the binary
system and the DART impact event (crater formation and ejected particles
evolution). To achieve its purpose, LICIA’s trajectory must ensure a suffi-
cient period of time in proximity of the system, and maximize the amount of
data gathered during this time window. LICIA will be deployed from DART
before the impact, and will exploit a small cold gas thruster to deviate its
trajectory and avoid the asteroid. The low thrust magnitude does not allow
a capture into the asteroid system, characterized by a very low-speed natural
dynamics (cm/s), therefore a flyby is the only viable option.

Considering all the requirements and constraints of the mission (that will
be presented in Section 3), the set of design parameters is reduced to the
release action and the maneuver execution vectors. Although analyses are

carried out in the Ecliptic J2000 (or EMO2000) inertial reference frames,



the release and maneuver directions are here expressed in terms of a local
inertial reference frames ("DART” reference frame), shown in Fig. 1, and

built according to the following rules:
e X-axis defines the DART-Didymos relative direction

e /-axis is perpendicular to X-axis, and lies in the plane defined by X-axis

and Didymos angular momentum vector

e Y-axis completes the reference frame

hDidymos
0.5-

hDidymos

Y[

Figure 1: DART reference frame (not to scale). X axis represents the pointing direction
of DART payload towards Dimorphos. Z axis is perpendiculat to X, and lies in the plane
defined by X and the angular momentum vector of the binary system. Y axis completes

the frame.

The two spherical angles ¢ and 1 are defined in the aforementioned frame

as follows:



e ¢ is the azimuth angle, defined counterclockwise from y axis in the y-z

plane (range: 0° to 360°)

e ¢ is the elevation angle, defined from y-z plane and positive towards

the -x direction (range: -90° to 90°)
Figure 2 depicts the two angles.

47 Release/
Maneuver
® direction

'\19

n n
» L

Y -X
Figure 2: Spherical angles in DART reference frame.

The release AV is constrained in the magnitude, given by the deployment
system, while the direction angles are free. The maneuver AV is completely
free, however, previous studies showed how the best option is the full-brake
maneuver (-x direction), since it allows a better control of the arrival time,
leaving most of the control on the flyby distance to the release action (see
6] for details). For this reason, maneuvers angles have been fixed at ¢ = 90°
and ¥ = 0°.

An initial high fidelity model of the environment was introduced. The
main asteroid gravity was modeled according to an up-to-date polyhedral
shape model [7], while the moonlet’s contribution was included through a

triaxial ellipsoid shape model [8]. Circular Restricted Three-Body Problem



was employed [9], with the additional perturbation effect from Solar radiation
pressure. First analyses highlighted that such high fidelity model is not
necessary for the design phase, due to the nature of the fly-by trajectory.
Indeed, the relative velocity of the CubeSat is so high (6.58kms™') that
the actual influence of such effects is null. For such reason the trajectory
selection process, which required several simulations to map all possibilities,
has been performed exploiting a simplified model. The simplification consists
in using a Keplerian 2-body dynamics, with a single mass for the whole binary
system. After the selection of the baseline trajectory, the subsequent analyses
are carried out using a full ephemeris model, considering the gravitational
effect of all the Solar System planets and the Sun, plus the Didymos binary
system (still modeled as a single mass). This 2-steps modeling approach
allowed to speed up the computations, without affecting the accuracy of the

final results.

3. Mission constraints identification

This section addresses the definition of all the constraints to be taken
into account for the design of the CubeSat mission analysis. In the next sub-
sections, each aspect will be analyzed separately, highlighting their relations
with the others, to derive a comprehensive set of constraints for the final

trajectory baseline selection.

3.1. Scientific objectives

The objectives that the CubeSat has to fulfill in terms of science are

driven by the nature of its mission, i.e. to provide documentation of the



DART impact, by acquiring visual data of the immediate post-impact sce-
nario. Particular attention is posed on the imaging of the impact surface,
in order to extract data on the formed crater and on the generated ejecta
plume. The collection of images will help the characterization of crater for-
mation and of the impact process, and will provide useful information about
the dynamics of ejected particles. Moreover, another observation target is
related to the non-impacted hemisphere of Dimorphos, i.e. the side not visi-
ble from DART point of view, in order to reconstruct the shape of the body.

These objectives are formalized as scientific requirements as follows [10].

e Obtain at least three images of the DART impact site, in order to
measure the size and morphology of the impact crater. Sufficient delay
time, from DART impact to CubeSat close approach, shall be achieved,
so that neighborhood of the crater is cleared from the particles cloud.

The image resolution shall be better than 1m/px.

e Obtain at least three images of the ejecta plume at different times and
phase angles, in order to measure the motion of slow ejecta (i.e. slower
than 5ms™) and to allow the estimation of the density structure. The
slow particles shall be observed over a time-span of at least 30s, with

an image resolution better than 5m/px.

e Obtain images of the ejecta plume and of the target asteroid to char-

acterize both color and spectral variations during the fly-by.

e Obtain at least three images of the non-impacted hemisphere, in order
to better reconstruct the body volume and shape model. The required

resolution shall be better than 2 m/px.
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The objectives list defines many constraints for the mission analysis, either
in terms of trajectory and of operations. In particular, resolution and delay
time affect the flyby distance and the Awv cost of the maneuvers respectively.
Their effect will be presented in the next subsection, in relation to the other

constraints.

3.2. FEjecta

Crater and Ejecta formation models.. In order to completely characterize the
environment the CubeSat will be exposed to during the fly-by, the presence
of ejecta generated during the DART impact requires a proper modelization.
The complete impact event can be subdivided into two different phases, i.e.
a fragmentation and a re-accumulation. The first step consists in the col-
lision between the two objects that generates the displacement of a huge
amount of material, leading to the crater formation and the ejecta genera-
tion. During the second phase, the newborn fragments evolve in the dynam-
ical environment of the binary system and eventually collide with one of the
two asteroids, escape the gravitational influence of the system or remain in
a bounded region in its neighborhood. The characteristic timescales of the
two phases differ by orders of magnitude, justifying the choice of simulating
them separately. If the gravitational re-accumulation phase can be managed
only by direct integration of the proper equations of motion for each of the
generated fragments, to properly model the fragmentation phase, different
approaches can be exploited, either analytical or numerical. The so-called
scaling laws proposed and developed by Holsapple and Schmidt in [11] are
the most suitable among the analytical methods: simple correlations between

the input parameters of the impactor-target couple and the bulk outputs of

9



the event are defined. These correlations are obtained by exploiting dimen-
sional analysis and some logical assumption, before fitting a great quantity
of experimental data, from different lab-scale experiences in hyper-velocity
impacts. Among the outputs there are, e.g., volume and radius of the formed
crater and initial velocity of each ejectum, as function of its radial distance
from the impact point. A detailed review and summary of all the scaling
laws are found in [12]. Different schemes have been implemented to deal
with the impact obliquity, particle size distributions and ejecta sampling, as
described in [13, 14, 15, 16]. Collecting all these contributions, it is possible
to generate the ejected particles, randomly placed along the radial distance
up to the radius of the crater and to associate a related velocity, leading to a
complete state vector for each item. [12] quantifies non-physiscal constants
for the scaling laws, according to different target compositions. The three
materials which may be actually plausible to consider for the unknown aster-

oid composition are reported in Table 1. Figure 3 shows the plume geometry

Table 1: Asteroid possible compositions with different porosity values. Bas = Monolithic

Basalt, WCB = Weakly Cemented Basalt, SFA = Sand/Fly Ash. Values taken from [12].

Bas WCB SFA

Density [kg/m?®] 3000 2600 1500
Porosity 0%  20%  45%
Strength [MPa] 30  0.45 0.004

got by applying the scaling lasw modelling approach, according to the three

selected asteroid possible compositions. The basaltic composition has been
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Figure 3: Ejecta plume geometry with the three different compositions overlapped, Basalt
in red, WCB in blue and SFA in green, taken 260s after DART impact. The origin of
the coordinate frame coincides with the impact point on Dimorphos, which at this scale

is imperceptible.
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taken as reference case since the associated plume is the most expanded. Such
condition represents a worst case scenario for LICIACube safety concerns.

If the numerical method is pursued, various classes of solvers can be cho-
sen to deal with the fragmentation simulation, but in a hypervelocity impact
scenarios, the extreme deformations induced to the material suggest to pre-
fer a meshless over a grid-based method. Among the meshless methods, the
Smoothed Particle Hydrodynamics (SPH) method, with its deep utilization
both in astrophysics and fluid dynamics fields makes it the most mature. In
addition, it has shown promising results also in the field of hypervelocity im-
pacts. In the context of this work, the SPH simulations performed with the
commercial code LS-Dyna®have presented similar results to those obtained
with the scaling laws, assuming the characteristics of monolithic basalt in
both methods. The details of the implementations can be found in [17] and
[18]. Figures 4 and 5 show the comparison between the two methods, in
terms of crater size, shape, density and ejecta velocity.

There is a fair agreement in the size of the crater, the ejection velocity
magnitude and the ejection angles, while the crater shape and the ejecta
layer thickness differ slightly. Given the agreement found among the two
approaches, the choice of continuing with the scaling laws method has been
taken, since it performs much better in terms of simplicity and computa-
tional burden. Moreover its versatility in terms of generating stochastic for-
mulations can be perfectly exploited for sensitivity studies in support of the

mission analysis.

Sensitivity Studies. To perform the fly-by, broadly speaking, two main al-

ternatives can be taken in consideration: passing through the plume cone

12



Density
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Figure 4: Comparison of crater’s section in the analytical (black lines) and numerical (with

density color code) methods at 60ms after the impact.
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Figure 5: Comparison of the ejection velocity vectors with SPH (up) and scaling laws
(down).
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or avoiding it. The idea behind the first strategy is that of pushing at the
minimum the close approach distance to the asteroid, in order to get the
best resolution on the crater imaging. Even if appealing, such option, in
order to be viable, must comply with safety concerns. Indeed the possibility
for the CubeSat to be hit by an ejectum has to be taken into account and
studied. To assess such a risk, a simple model to estimate the penetration of
an ejectum into the CubeSat panels or optics has been used, as proposed in
[19]. Assuming a relative velocity between CubeSat and ejectum of 6 kms™!,
a minimum threshold of ejecta diameter has been identified as the small-
est dangerous particle. This value has been set to 0.1 mm, as a size able
to penetrate up to around 20% of the thickness of the cited components.
Thus, a Monte-Carlo analysis has been performed by randomly generating
500 different ejecta clouds with diameters in the range 0.1 mm = 10 cm and
then estimating the probability of encountering at least one fragments at
different distances from Dimorphos, assuming an effective exposed surface
area of 1 m? for the CubeSat. The results reported that the probability of
encounter stays fixed at 100% up to a maximum distance from Dimorphos
where it steeply falls down to 0%. This fall reflects the high difference in
particle space concentration due to a sharp outer edge of the ejecta plume.
The value of such maximum distance depends on the time after the impact
and with a delay time of 260 s it stays near 20 km. Such outcomes highlight
the unfeasibility of the first strategy and the need of ensuring, considering
all the associated uncertainties, the actual trajectory of the CubeSat not to
pass below this boundary distance by setting a proper constraint. Such con-

straint was defined as keeping the CubeSat always at least 15 km away from

14



the plume outermost ejecta. Consequently, a dummy particle has been gener-
ated and taken as outermost ejectum of the plume, lying on the plane defined
by the Cubesat trajectory and Dimorphos. Such particle is initialized with
the maximum ejection velocity and the minimum ejection angle (i.e. wider
cone aperture), corresponding to a fake condition, following the scaling laws
model. Indeed, the maximum ejection velocity magnitude is associated to
the particles ejected from the inner part of the cone. Such approach can
guarantee a certain robustness in the proposed trajectory, considering also
the fact that both the actual composition of the asteroid and conformation

of the impacted surface will remain unknown.

3.3. DART & Didymos

The DART spacecraft’s state presents variable level of uncertainty for
the whole duration of the mission, with a steep drop in the last days before
impact, thanks to visual target acquisition [20]. Similarly, current ephemeris
of Didymos system is subjected to a certain level of inaccuracy, which will
decrease as DART will approach the binary system.

A late release of the CubeSat would provide a minimized uncertainty,
however, it would not offer enough time for a proper separation and observa-
tion of the impact and ejecta (as explained in Section 3.1). Furthermore, the
time for backup maneuvers and contingency operations would be too short
(see Section 5). Consequently it is necessary for the CubeSat to be released
earlier than the last few hours. In waterfall, the higher DART uncertain-
ties at release (as depicted in Fig. 6) shall be considered, as they play an

important role.
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Figure 6: DART state uncertainty evolution with time

Table 2 reports the state determination errors for DART up to 48 hours

prior to impact, while for earlier times the uncertainty is assumed to be

constant and equal to the T, — 48h value.

3.4. CubeSat Hardware
The Cubesat components represent one of the main sources of disturbance
for the correct execution of the flyby, given the typical reduced performances

of nanosatellites. The analyses identified four main components as the most

constraining sources for the trajectory design:

e Dispenser
e Thruster
e Camera

e ADCS

16
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States Ty — 12h Ty — 24h To — 48h

x [km] 4.264 4.495 9.515
y [km] 3.628 3.746 5.636
2 [km] 2.698 2.878 8.371

i [km/s] 6.095x 107 1.023 x 106 9.515 x 10~?
i [km/s] 3191 x 1076 3.736 x 1076 2.348 x 105
2 [km/s] 5.249 x 1076 8.397 x 1076 4.572 x 10~°

Table 2: DART-Didymos relative state uncertainty with respect to time before impact
(Tp), in EME2000 reference frame

Dispenser. The dispenser is a 6U container provided with rails an redundant
springs for the deployment. It is mounted on a DART lateral panel. It has
been designed with an inclination of 10° away from solar panels direction,
such that the chances of hitting them is minimized.

The main sources of uncertainty from the dispenser are related to the
spring pushing force, and the dynamics of the CubeSat at the dispenser’s
rails end. Furthermore, a non-negligible effect may be given by the reaction
torque that the CubeSat gives to DART spacecraft, which can relevantly
change the release direction.

Considering the aforementioned effects, the following uncertainties have

been selected for the release maneuver:

® opy,, =007Tm/s

o

.O-@TEZIQ
® Oy :2°

rel
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Thruster ¢ ADCS. With the thrusters and the ADCS systems still being
in a design refinement process, the disturbances related to them have been
defined according to expected values, and will be refined once the precise
design of these systems will be frozen.

The baseline model adopted for the thruster is the ArgoMoon propulsion
system, which can provide 100 mN of thrust and an overall Av of 56 m/s for
a 14 kg CubeSat. However, to reduce weight, a lower performance system is
being evaluated by ArgoTec: currently, a thrust of 50 mN is being considered.
The uncertainty adopted for the thruster is related to the burn time, and it
is set to 3 seconds.

The ADCS system is in a design refinement phase as well, and therefore
its uncertainties has been defined through an educated guess, which will be
refined later. In particular, the output from ADCS performances are the two
spherical angles defining the thrust direction, namely @p,n and Yy,,. The
1-sigma value is assumed to be 1.1°for both.

Wrapping up the uncertainties related to the maneuver action, the 1-

sigma values are:
i O-tburn = 3 S

1.1°

d O-Qobu'rn =
. o
d O-'lgbu'r'n - 1 : 1

Camera € Reaction wheels. The CubeSat camera and the ADCS actuators
(namely the reaction wheels) are the most affecting hardware for the mission
design, and their constraints are strongly related to each other, hence the

two components shall be considered together.
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While LICTA will mount two cameras, a narrow angle (NAC) and a wide
angle (WAC) one, the most stringent constraints are given by the NAC cam-
era, which will be operating during the whole flyby, and will provide images
of the plume and, possibly, the crater. The NAC camera has a diagonal
FoV of £2.05°, an IFOV of 25urad, and a sensor dimension of 2048x2048
pixels. The three scientific objectives have resolution thresholds of 1 m/px,
2 m/px and 5 m/px. Considering the camera properties, this translates in a
maximum flyby distance of 40 km, 80 km and 200 km respectively.

As a second constraint provided by the camera, to properly image the
ejecta after the impact, it it necessary to have a dark background, avoiding
a visual alignment with the primary asteroid. This implies that the flyby
trajectory shall be out-of-plane with respect to the binary system orbital
plane. This also benefits the imaging condition, avoiding large variations in
the Sun aspect angle (as shown in Section 4), and, consequently, providing a
better condition for achieving a high quality imaging of the plume.

The reaction wheels performances are designed to allow a constant point-
ing of the moonlet of the system during the whole flyby. However, an exces-
sively close flyby distance would inevitably cause a saturation of the wheels,
thus making the CubeSat loose the target. In particular, the current design of
the wheels allows a maximum rotation rate of the CubeSat of 8.57 deg/s, and
a maximum angular acceleration of 1.2 deg/s*. The angular rate revealed to
be the most constraining parameter, preventing the flyby distance from being
reduced below 44 km. As a consequence, the current design of the platform
does not allow to observe the crater at a proper resolution (at least 1 m/px),

therefore a resolution of 2 m/px, corresponding to a distance of 80 km, is fixed
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as new maximum resolution to be achieved by the spacecraft. The resulting
nominal flyby distance shall be such that 44km < dcs < 80km; however, a
margin of at least 3km is taken into account, given the uncertainties in re-
lease and maneuvers operations, plus the uncertainty of the DART-Didymos
relative position and velocity. It is noted that the constant target pointing
strategy, despite feasible in terms of reaction wheels saturation limits, may
introduce some issues related to the attitude control and, consequently, to the
quality of the observations (e.g. blurred images). Although not addressed in
this paper, it is acknowledged the necessity of a proper design for the attitude
controller and a thorough analysis of its response, coupled to the evaluation

of achievable images quality.

3.5. Mission Operations

Operations put tight constraint in the selection of the final trajectory. To
avoid any interference with DART operations during the final approach and
impact phases, the CubeSat must be relased as soon as possible. However,
from Section 3.3, it is acknowledged the large increase in DART uncertainty
related to excessively soon releases. The trade-off proposed in this paper is
a release 5 days before impact, which provides several hours left for possible
contingency scenarios (presented in Section 5).

Considering the uncertainty presented in previous subsections, a 5 days
trajectory propagation would cause the deviations to grow enough to make
the deviation unacceptable. A correction maneuver is therefore designed 1
day before DART impact, based on updated navigation parameter through
frequent DSN contacts during the preceding 3 days. Details on deviations

and correction maneuver are presented in Section 4

20



4. Baseline scenario analysis

4.1. Nomunal trajectory design

The selection of the baseline followed a preliminary mapping of the search
space, satisfying all the constraints described in the previous section, by
computing a set of trajectories as function of release angles ¢ and . In
particular, fixing the release angles, and imposing the maneuver direction
angles to ©purn = 90° and Yy, = 0°, the trajectory is computed according

to the problem 1:

max tdelay
Atburn

subject to 0 < Atpyrn < max(Atpurm),
ATsm/px > 30, (1)
dEjecta > 15 km,

where Aty is the time interval of the maneuver execution, 4.4, the time
from DART impact to LICIA close approach, ATy, /px the time interval at
which a resolution below 5m/px is achieved, dgjectq the minimum distance
from the expanding ejecta cone reached by the CubeSat, and dg/4 the dis-
tance from the binary system’s moonlet at close approach. The solutions of
problem 1 allow defining all feasible trajectories, whose arrival time to the
system is the latest possible, with the purpose of maximizing the expansion
of the ejecta and facilitate the visibility of the crater. Notice that, due to
the maximized cone expansion, the minimum distance from ejecta of the op-
timized solution is always close to the lower boundary of the corresponding

constraint.
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Each trajectory is evaluated in terms of a single, scalar, score, defined as

a summation of sub-objectives to be fulfilled, i.e.:
e Enhance resolution (Minimize close approach distance)
e Improve crater’s visibility (Maximize delay time)

e Increase science time (Maximize time interval at resolution 5m/px or

better)

e Reduce reaction wheels load from target pointing (Maximize close ap-

proach distance)

The corresponding cost equation is defined as follows:

o Jres + Jm’s + Jsci + er

/ 4

with
res — max(res)

Jres —

min(res) — max(res)

_ tdelay - maX(tdelay) (4)
min(taeray) — max(taetay)

_ AT5 o px — max(ATs  /px)
min(ATs ., /px) — max(ATs /px)

VLS

Jsci

er _ Wpeak — min((:dpeak’) (6)
max(wpeak) - mln(wpeak)

being the bold characters referred to full parameter set from all the generated
trajectories. Cost terms 3 and 5 are minimized at closer flyby distance (a
reduced distance allows to achieve a better resolution, and a longer time of
observations above minimum resolution threshold), while terms 4 and 6 reach

their smallest values at farther close approach distances (slower CubeSat
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spin for target pointing, and longer time for ejecta cone expansion allowed).
The two couples of conflicting objectives generate a convex shape of the

overall cost defined in 2, as shown in Fig. 7. It is here underlined that the

-60 -59.5 -59 -58.5 -58
¥ [deg]

Figure 7: Map of the overall cost, as a function of the release angles. ¢ is bounded by the
close approach distance constraints. ¢ lower bound is enforced to avoid large Sun aspect

angles, while the upper bound has been set to equally scale the two axes.

greater curvature is measured along the axis defining the ¢ variation, whereas
mild, monotonic reduction of the cost is present along the 9 axis, with the
minimum located in the most negative values region. Despite the monotonic
reduction along ¥ direction, a minimum threshold of —60° is enforced, to
avoid excessively large sun aspect angles, detrimental to the observations
(being the Sun approximately on the equator plane of the asteroids). A global
minimum is then found at ¢ = 84° and v = —60°, and the corresponding

trajectory parameters are reported in Table 3.
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Prel Av tdelay dC/A Max Res Wmazx ATE} m/px
[deg] [m/s] [s]  [km] [m/px] [deg/s] ]
84 2.1 2094 552 1.38 6.823 58.4

Table 3: Cost optimal trajectory parameters

The low cost region depicted in Fig. 7 was then explored to search for
nearby trajectories which could enhance science while respecting platform
limitations, justified by the mild variation in the cost function. It was pro-
posed a second option (named ”enhanced science”, as opposed to the previous
”cost optimal” solution), close to the high ¢ region of the map, which would

enhance the resolution of the observation, as shown in Table 4. It can be

Prel Av tdelay dC/A Max Res Wmaz ATE) m/px
[deg] [m/s] [s]  [km] [m/px] [deg/s] ]
849 1.43 167.1 47 1.18 8.018 59.1

Table 4: Enhanced science trajectory parameters

noticed that the relatively small improvement in resolution and observation
time below 5m/px is associated with a large reduction of the delay time and
a significant increase in the peak spin of the satellite, which approaches the
saturation limit. A Monte-Carlo analysis was performed, considering the er-
rors and uncertainties listed in Section 3, highlighting a frequent occurence
of reaction wheels saturation for the enhanced science option. In particular,
saturation was observed around 23 % of cases, against the 0.1 % of the cost

optimal solution. The spin peak distributions are depicted in Fig. 8a.
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While the saturation problem can be solved through a preload of the
reaction wheels, it was also observed that the already poor improvement
in the nominal resolution of the observations is overshadowed by the large
probability distribution from the Monte-Carlo analysis. Figure 8b shows how
a large portion of the two distributions is overlapped, and similar quality of

images from both trajectories are to be expected.

1 i il 3.5 ;
[ Enhanced science [ Enhanced science
[TICost optimal 3| [ICost optimal
0.8 —Max. Rate
2.5)
06 ol
0.4+ 1.5}
1
0.2
0.5
0 ‘ 0
B ‘ B S 08 1 12 14 16 18
Wnax [d€9/S] Resolution [m/px]
(a) Max spin rate distributions. Red line represents (b) Max resolution distributions

the limit value from reaction wheels saturation.

Figure 8: Max rate and resolution distributions comparison between the enhanced science

and the cost optimal trajectories.

According to the aforementioned findings, the cost optimal trajectory
was selected as basis for the baseline definition. Nevertheless, subsequent
science analyses highlighted how the delay time of 209.4s could undermine
the scientific objective of plume observation. In fact, such time interval would
cause the ejecta cone to expand too much, drastically reducing its density
and hindering its detectability by the camera sensor. Furthermore, a study
on crater visibility and size on the sensor showed that, regardless of the

expansion level of the ejecta, the relative diameter in pixels, projected on
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sensor surface, is extremely small even for the enhanced science trajectory,

as depicted in Fig. 9.

N w B
T T T

Crater diameter on sensor [pX]

0 50 100 150

Time after DART impact [s]
Figure 9: Equivalent crater diameter in pixels, as observed by the sensor during close
approach (enhanced science trajectory). The crater is assumed to have a diameter of

12.2m, coherently to the best case among assumed materials for the asteroid.

Viceversa, the delay time measured for the enhanced science option re-
vealed to be optimal for observation. For this reason, a baseline trajectory is
built starting from parameters of the cost optimal option, and corrected to
approximate the delay time value of the enhanced science option. The full
set of the baseline’s parameters is reported in Table 5. Notice that the release
angle ¢ differs from the cost optimal trajectory of one tenth of degree, due to
the slight coupling between the maneuver direction and magnitude, and the
close approach distance. Also, the delay time reduction causes, as beneficial
side effect, a higher distance from ejecta, thus making the trajectory safer.

The angle ¥, instead, is kept constant at the lower threshold of —60°, as it
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Qprel/ﬁrel Av tdelay dC/A Max Res Wmaz ATS m/px

[deg]  [m/s]
83.9/-60 143 167 552 138  6.823 584

Table 5: Selected baseline parameters

displayed also a good trend for the Sun aspect angle, which remains bounded
between 50° and 60° approximately, until the close approach (as depicted in

Fig. 10).

Sun Aspect Angle [deg

100 125 150 175 200 225 250
Time after DART impact [s]
Figure 10: Sun aspect angle evolution for the selected baseline. The vertical dashed line

represents the instant of the nominal close approach.

The performance related to the time windows for observations are useful
for the selection of the trajectory, however, they do not represent the actual
time available for the various observations required by the mission. In fact,

the plume observation will be possible only around the first half of the pas-
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sage, while the backside observation will occur in the second half. In practice,
the time windows for each observation type are not evenly distributed, due to
the inclination of DART and LICTA trajectories and the different resolution
requirements. The actual time spans for the science objectives are identified
by the events described in Table 6. This paper refers to Dimorphos hemi-
spheres as the two halves of the moonlet divided by the "x-z” plane, being
"x” the direction of alignment of the two asteroids, and ”z” the angular mo-
mentum direction of moonlet’s orbit around the primary. Also, the ”back
side” of the moonlet is referred to as the portion of the asteroid opposite to
impact site and delimited by the visibility boundary from DART spacecraft

(or back side terminator).

Science Objective Start Event End Event
Ejecta observation Reach 300 km dis- Dimorphos hemi-
tance (5 m/px) sphere crossing

Back side observation Back side terminator Reach 80 km distance

crossing (2 m/px)

Table 6: Observation time events definition

Note that, due to the slight difference between hemisphere and back side
definitions, there will be a short transition time interval in which the ejecta
observation has ended, but the back side observation has not started yet.
Nevertheless, part of the plume will allegedly still be visible, and part of
the back side would be in sight too. Therefore, the value presented in this
paper are to be considered as lower boundaries, and a slight increase in

both the observations times should be expected. For a future refinement of

28



the performances of the trajectory, it should be also noticed that the close
approach (and the best resolution achieved by the camera) is reached while
being in this transition time window. The values for available observation
times are reported in Table 7, where the total observation time includes also

the transition time.

Ejecta Back side Transition Total

27.2 s 81s 2.7s 38 s

Table 7: Availbale observation time widows for the scientific objectives

4.2. Robustness analysis

A detailed robustness analysis has been carried out through a Monte-
Carlo analysis, based on the nominal parameters of the baseline, and con-
sidering all the uncertainties listed and described in Section 3. Each set of
perturbed parameters is propagated for the whole expected duration of the
mission, and main performances variation has been recorded.

A first scenario, without orbit determination and correction maneuvers,
was considered, to assess the impact of the uncertainties values on the mis-
sion. The results showed a severe impact on the close approach, with an un-
certainty cloud larger than the nominal flyby distance, as depicted in Fig. 11.
The close approach location, and all distance-related events (such as reaction
wheels saturation, or the maximum achievable camera resolution), become
unpredictable, thus making the scenario infeasible. Furthermore, the delay
time is subjected to wide variations, with a degradation of the plume ob-

servations (see Fig. 12). In the second scenario, a continuous tracking of
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Figure 11: Close approach location cloud in EMO2000 reference frame. View aligned with

the direction of spacecraft’s velocity relative to the asteroid, at close approach.
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Figure 12: Delay time uncertainty (scenario without correction maneuvers)
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the CubeSat is assumed, exploiting Deep Space Network (DSN) range and
doppler measurements. The execution time for the correction maneuver has

been selected from a trade-off considering:

e Orbit Determination accuracy: increases with time, thanks to the

longer tracking time from ground stations (late maneuver)

e Contingency scenarios: a time window, prior to flyby, is required to al-
low additional maneuvers in case of failures and/or non-nominal events

(early maneuver)

As a result, the maneuver has been placed one day before DART impact. In
this way the CubeSat can be tracked for 4 days, and 1 day is left for pos-
sible contingency operations and maneuvers. The correction AV vector is
computed through a simplified analytical model, here described. The space-
craft perturbed trajectory and the reference trajectory are approximated as
straight lines from the correction maneuver location to the close approach.
The maneuver direction is set to be aligned to the local position error (the
difference between perturbed and reference states) at the time of the maneu-
ver. The magnitude of the maneuver is computed through the burn time,
imposing a null position error at the close approach instant. Velocity error
at close approach is ignored; however, the smaller errors on velocity make
this approach effective. In case of an impulsive maneuver, the correction AV

would be equal to:
AXer

Atcya

+ AV, (7)

with AX,,.. and AV, being the deviation of position and velocity from

1AV | = H

the reference trajectory, respectively, and Ats 4 the time interval from the
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correction maneuver to the nominal close approach time. Since a low thrust
maneuver is considered, the correction trajectory first follows a quadratic
curve (while a constant acceleration is provided by the thruster), then a linear
coasting branch, in which the CubeSat’s free motion aims at the reference
close approach point. Given the new described geometry of the correction
procedure, the burn time is defined from the solution of a quadratic equation,

and reads:

M
Atyyrn = Atecya — \/AY%/A — Q?HAXW + AV - Ateyal| (8)

where M and T are the spacecraft mass and engine thrust respectively, and
a null mass variation (negligible fuel consumption) is assumed for the ma-

neuver. The corresponding correction cost reads:

T
A corr :_Atu'rn
Voo = - - At )

The robustness analysis showed that the AV required for correction is
comparable to that of the first ("braking”) maneuver. It has a mean value
of 0.76 m/s and never exceeds 2 m/s (Fig. 13 shows its distribution).

Table 8 summarizes the performance variations of the trajectory, in terms

of mean value and 1 sigma deviations:

Avcorr tdelay dC/A Max Res Wmazx AT5 m/px

[ /5] [s] [lem] [m/px] [deg/s] [s]

0.76 £0.32 167 £ 0.7 55253 138 £0.13 6.823 £ 0472 584 £ 04

Table 8: Uncertainty distribution of main trajectory performance
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Figure 13: Correction maneuver probability distribution

5. Contingency scenarios

The baseline trajectory has been analyzed also in presence of non-nominal
events, to assess the impact of failures on the mission success, and the re-
quired changes in the trajectory to restore the original performances. Two

main scenarios have been selected for the analysis:

e Delayed release: failure of the nominal release action, and delayed re-

lease of the CubeSat.

e Delayed maneuver: failure of the CubeSat engine, and delayed thrusters

ignition

Each scenario is analyzed and its effects on the trajectory discussed.
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5.1. Delayed release

If a failure in nominal release occurs, the new window to deploy the Cube-
Sat will be driven by DART spacecraft operations. In particular, a second
and last opportunity is available 72 hours before impact. The parameters
available for the tuning of the contingency scenario are the release direc-
tion and the first maneuver AV. Although the maneuver direction could be
tuned as well, results showed that a fixed direction gives satisfactory results,
while adding an attitude maneuver would represent an additional source of
uncertainties.

The first analysis for the delayed release scenario is devoted to the as-
sessment of the trajectory performances degradation, if no change on the
baseline parameters is introduced. The outcome of this study demonstrates
that an update on the parameters is required. In fact, the lower time avail-
able after deployment causes a strong reduction in the final close approach
distance and delay time, leading to the saturation of reaction wheels, and to
a less expanded ejecta cone. To restore the baseline performance, the burn-
ing time of the thruster has been increased from 400 seconds to 907 seconds,
leading to a AV of 3.24 m/s. The release angle ¢ has been decreased from
83.9°to 79.3°. It is observed how the requested effort, in case of a delayed re-
lease, is still far below the CubeSat’s engine capabilities, despite the doubled
magnitude of the braking maneuver.

Table 9 shows the comparison between performances for the delayed re-

lease trajectory, with constant and updated parameters.
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Parameters Baseline Adapted

Pretease(deg]  83.9 79.3
tournS] 400 907
Av[m/s] 1.43 3.24
tdelay!S] 98.2 165.4
de/alkm] 32.7 55.3

Table 9: Main performances comparison between late release options (baseline parameters

and adapted parameters)

5.2. Delayed maneuver

If the engines that are on board fail in providing the thrust action at
the right time, the operation has to be rescheduled. In the context of such
possibility, a sensitivity analysis on the effects of a delayed maneuver on the
fly-by characteristics has been performed.

The main parameter of interest for such analysis is the maneuver epoch,
computed as the time (in hours) after the release, ranging from the nominal
value, i.e. 3.5h, up to a maximum of 95h. Three different strategies have

been considered as possibilities impacting the operations of the CubeSat:
A) Keep the maneuver unchanged in both magnitude and direction.
B) Change maneuver’s magnitude only.

C) Change maneuver’s magnitude and direction.

The attention of such analysis is put on the flyby performances, and partic-
ularly on the effects on the delay time and the close approach distance, as

seen in Fig. 14.
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Figure 14: Delay time and close approach distance as function of the maneuver delay,
with fixed maneuver parameters (blue line), variable magnitude (red line), and variable

magnitude and direction (yellow line).

If the maneuver is kept unchanged with respect to the nominal case (blue
lines) both the delay time and the close approach distance decrease. In
particular, the former drastically drops by several tens of seconds, possibly
jeopardizing the fly-by strategy, while the change of the latter remains con-
fined in less than 1km. The correction of the maneuver’s magnitude alone is
able to recover the nominal delay time, but not the close approach distance.
In order to recover also this latter quantity, the maneuver’s direction has
to be corrected accordingly. Nevertheless, the only-magnitude tuning shows
very small variations in the close approach distance, and represents a sim-
pler option in terms of operations, hence this alternative has been selected as

back-up strategy. The highest value of the AV becomes ~ 7Tms™!

, which is
a reasonable value compared to the AV budget of the CubeSat. The correct

epoch of maneuver execution has to be then decided by operational con-
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straint, that may also be connected to the detection of the fault that caused

the maneuver failure.

6. Conclusions

The paper presented the steps followed to design a suitable trajectory
for the LICIA CubeSat, to meet the stringent constraints imposed by the
mission, and highlighting the challenges related to the employment of such
systems in a deep-space environment.

In particular, the designed trajectory has been refined according to several
mission requirements arising from science objectives, platform performances,
operational requirements, and safety margins. The scientific target of the
mission imposed a minimum resolution constraint for the imaging of both
impact site and plume expansion (from DART impact), and of the side of
the asteroid not visible from DART. Limitations arising from platform mainly
involved the ADCS subsystem: pointing requirements constrained the flyby
to a distance greater than 44 km, thus hindering an imaging at 1 m/px res-
olution, required for crater observation. Nevertheless, preliminary analyses
of the expected crater dimensions on the sensor revealed low chances of vi-
sualization and characterization, leading to the downgrade of this mission
objective in favor of ejecta plume and asteroid’s surface characterization.

The limited propulsive capabilities did not represent an issue for the mis-
sion design. In fact, the operative necessity of a release 5 days before DART
impact ensures a time window long enough to achieve the required separation

from the asteroid with a low amount of fuel. Also, propulsion performances
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demonstrated to withstand contingency scenarios, with delayed maneuvers
and higher AV’s.

The refined trajectory of the CubeSat is robust to all uncertainties re-
lated to the platform, DART, Didymos, and the ground tracking for orbit
determination, and ensures limited variations in the trajectory performance.

The trajectory design of the CubeSat is in constant evolution, due to
the frequent refinements in the platform and operations (for both LICIA
and DART); however, the results presented in this paper show the rationale
behind the development of such trajectory, with particular attention to the
identification of the achievable close approach performance, which have been
set as target values to be maintained, regardless of the possible future changes
in the mission operations (e.g. number of maneuvers, release conditions, etc.).

The current efforts in mission design will allow LICIA spacecraft to be
the first CubeSat to fly by an asteroid, setting the path for the future of low
cost exploration missions around small bodies. Its contribution will provide
crucial information about Near Earth Objects structure and composition,

dramatically enhancing the scientific outcome of the DART mission.
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