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Abstract

The 2029 close approach of near-Earth asteroid (99942) Apophis presents an unprecedented opportunity to investigate tidal effects on
a rubble-pile body and to advance planetary defense capabilities. In response, the Rapid Apophis Mission for SpacE Safety (RAMSES)
has been conceived by the European Space Agency. In order to deliver additional science and complement the scientific objective,
RAMSES includes two 6U-XL CubeSats, of which RAMSES CubeSat-1 (RCS-1), named Farinella, is dedicated to the characterization
of Apophis’s internal structure and surface properties via a low-frequency radar and high-resolution optical camera from an orbital per-
spective. This paper investigates the possible trajectory options for RCS-1, allowing the CubeSat to fulfill the scientific objectives, while
respecting engineering constraints. To this aim, a high-fidelity dynamical model of Farinella proximity environment, incorporating a
polyhedral gravity field, solar radiation pressure, and third-body perturbations from the Sun, Earth, and Moon, is implemented and ana-
lyzed. Three classes of candidate trajectories, namely patched hyperbolic arcs, Sun-stabilized terminator orbits, and resonant terminator
orbits, are evaluated against scientific return and technical feasibility, considering the spacecraft specifications and instrument require-
ments that drive orbit design. A detailed trade-off, considering a 21-day timespan preceding the Earth close encounter, is then performed
to select the baseline operational orbit, showing that both low-to-medium energy resonant orbits and medium-to-high altitude Sun-
synchronous terminator orbits enjoy the best balance among all the considered criteria.
© 2026 The Author(s). Published by Elsevier B.V. on behalf of COSPAR. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

Keywords: Apophis; RAMSES; CubeSat mission; Planetary protection; Asteroid science

1. Introduction

Apollo-class asteroid (99942) Apophis, having a diame-
ter of roughly 340 m, attracted considerable attention in
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December 2004 when early calculations suggested up to a
2.7% chance of an Earth impact on April 13, 2029
(Chesley, 2005). Follow-up tracking has since refined its tra-
jectory and eliminated any collision risk (Giorgini et al.,
2008), yet Apophis is still set to skim just 31000 km above
Earth, that is well within the orbit of geostationary satellites
(Sokolov et al., 2012). Although the prospect of an impact
has been set aside, the flyby influence on Apophis itself
remains an open question (Zhang and Michel, 2020), largely
due to the limited knowledge about its internal structure. As
the asteroid sweeps past, tidal forces from Earth’s gravity
will impart substantial torques, potentially altering
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Apophis’s shape, spin state, and surface characteristics
(Souchay et al., 2014; Valvano et al., 2022). Depending on
its material strength and cohesion, this close encounter
might trigger anything from faint seismic ripples and minor
regolith shifts (DeMartini et al., 2019; Scheeres et al., 2005;
Ballouz et al., 2024), to widespread landsliding or even
wholesale surface reconfiguration (Yu et al., 2014; Kim
et al., 2023). That uncertainty makes the 2029 passage a rare
chance for both planetary defense research and fundamen-
tal asteroid science. A dedicated spacecraft mission could
not only document these tidal effects in real time but also
shed light on Apophis interior structure, a knowledge that
is essential for designing effective mitigation strategies
against any future asteroid threat (Binzel et al., 2021).

As direct consequence of this celestial event, NASA has
recently announced that Apophis will be the selected target
of OSIRIS-REx extended mission (DellaGiustina et al.,
2022), while ESA proposed RAMSES (Rapid Apophis
Mission for SpacE Safety) mission, a fast-response initia-
tive designed to rendezvous with Apophis prior to its Earth
encounter (Kueppers et al., 2023; Morelli et al., 2024). Its
objective is to accompany the asteroid during the fly-by
in order to determine the physical and dynamical changes
induced by the interaction with the gravity of the Earth.
Among the mission payloads, two 6U-XL CubeSats will
be included, one of which is RAMSES CubeSat-1 (RCS-
1), named also Farinella, after the Italian planetary scien-
tist Paolo Farinella'. RCS-1 will be deployed as part of
RAMSES proximity operations and will orbit Apophis
with the aim to complement the scientific objectives of
the RAMSES spacecraft to enhance planctary defense
demonstration efforts, to enable multi-point observations,
and to facilitate closer and riskier operations. Specifically,
Farinella aims to 1) characterize Apophis internal struc-
ture, and 2) characterize surface properties, through the
use of a scientific optical camera and a low-frequency
radar. The onboard optical camera has to capture high-
resolution images of Apophis surface, allowing for detailed
mapping of geological features, surface roughness, and
dust distribution. Meanwhile, the low-frequency radar is
designed to penetrate beneath the surface, providing criti-
cal data on internal layering, density variations, and struc-
tural characteristics. All this data will be used to assess
asteroid characteristics pre- and post-encounter and to
detect changes induced by the asteroid during its close
approach with the Earth.

Due to strict timeline imposed by the close approach
timeframe, with a launch at the latest in May 2028,
RAMSES is intended to reuse and adapt the Hera space-
craft design as much as possible (Kueppers et al., 2023),
and so are its CubeSats. Specifically, RCS-1 is expected
to leverage the know-how and technologies acquired dur-
ing the development of Hera’s Milani.

' See https://www.esa.int/ESA_Multimedia/Images/2026/02/Ramses_
CubeSat_Farinella_contract_signature. Last accessed on February 25,
2026.
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Recent works have highlighted the importance of cou-
pling shape-based gravity models, surface-environment
analyses, and trajectory design when operating around
irregular small bodies. In this context, the geophysical, sur-
face, and orbital environments of asteroid 2016 HO3 have
been investigated using irregular-shape dynamical models
(Li and Scheeres, 2021; Li et al., 2023), while trajectory
concepts around irregular asteroids have also been
explored for applications such as ejecta-material collection
from libration-point orbits (Burattini et al., 2024). These
studies confirm that the irregular gravity field, surface
geometry, and perturbation environment can strongly
affect both the design and the assessment of proximity tra-
jectories. Thus, the goal of the paper is twofold: to develop
a high-fidelity model of the dynamical environment near
Apophis and to investigate suitable trajectory options that
can be exploited by RCS-1 during its scientific mission,
with dedicated focus on the scientific phase preceding the
Earth close encounter. This step is non-trivial for
RAMSES because Apophis’ 2029 close approach produces
a strongly time-varying proximity environment, where the
dominant third-body perturbation changes over the mis-
sion timeline and the relative weight of perturbations can
vary by orders of magnitude over a few days. In addition,
the CubeSat’s high area-to-mass ratio makes solar radia-
tion pressure competitive with gravitational terms already
at modest distances, while the irregular, non-spherical
gravity field is relevant in the tight operational altitude
range. This work provides an analysis-driven methodology
that explicitly copes with such a multi-regime environment,
quantifying when simplified models break down, and using
the resulting high-fidelity framework to screen and trade
candidate trajectory families against science, guidance
and navigation, and operational constraints, ultimately
supporting a credible baseline orbit selection for Farinella.

The paper is organized as follows. In Section 2, the mod-
els for the CubeSat, the asteroid, and the dynamics are pre-
sented, considering all relevant perturbations and a high-
fidelity representation of the asteroid gravity field. Then,
Section 3 present an analysis on the dynamical environ-
ment. In Sections 4 and 5, a trade-off on the possible differ-
ent approaches and the selection of a baseline trajectory is
shown, respectively. Final remarks are given in Section 6.

2. CubeSat and environmental models

This section presents the assumptions and numerical
models used in the preliminary assessment for the opera-
tional orbits of Farinella. After detailing the model of the
CubeSat, information on the asteroid environment and
dynamical models are provided.

2.1. CubeSat model

RCS-1 is a 6U-XL CubeSat, whose main characteristics
are given in Table 1. These parameters are needed to define
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Table 1 Table 2

Relevant parameters of RCS-1. Key parameters for the camera.

Parameter Symbol Value Parameter Value

Mass m 14.8 kg Field of View (angular) 19.72 x 14.86 deg

Area A 0.5329 m? Field of View (metric) 174 m @ 500 m distance
Reflectivity coefficient C, 1.29 695 m @ 2 km distance

the dynamical model and to compute the solar radiation
pressure (SRP) acting on the CubeSat.

RCS-1 will be equipped with a scientific optical camera
and a low-frequency radar in order to fulfill its scientific
objectives. Specifically, the camera will be exploited 1) to
provide complementary observations to the RAMSES mis-
sion with the aim to characterize the effects of the close
flyby of Apophis, and 2) to support the RAMSES radio-
science experiment. On the other hand, the objective of
the radar is twofold: 1) it must characterize Apophis inter-
nal structures, and 2) it must measure average Apophis per-
mittivity. Additionally, the optical scientific camera is
exploited to infer the spacecraft state by means of optical
navigation. Characteristics of the camera and the radar
are provided in Tables 2 and 3, respectively, while con-
straints and requirements related to science and navigation
are listed in Table 4 and 5, respectively.

2.2. Asteroid model

Apophis is modeled as an irregular asteroid in a tum-
bling spin state. While its shape model and tumbling state
have still significant uncertainties, a polyhedral shape
model, adapted from (Brozovic et al., 2018), is used both
for dynamical and scientific purposes. Fig. 1 shows the
polyhedral model as rendered in CORTO, (Pugliatti
et al., 2023), modified by adding procedurally generated
boulders MONET (Buonagura et al., 2024).

The full tumbling spin state of Apophis, as described in
(Pravec et al., 2014), is computed and exploited to evaluate
the scientific and navigation performances. Fig. 2 shows a
schematics of Apophis rotational state. As per (Pravec
et al, 2014), Apophis is in a low-amplitude non-
principal-axis rotation state. These states are characterized
by multiple periods. In case of Apophis, a two-period solu-
tion best approximate its light curve. Specifically, Apophis
appears to be in a short-axis-mode, corresponding to rota-
tion about its shortest axis at a period Py, and that axis
wobbling around the angular momentum vector with an
average period Py. The vector of angular momentum H,
on the other hand, points toward a fixed direction. The
angle between the rotation axis and the angular momentum
0 changes quite significantly, since Apophis is nearly sym-
metric. The evolution of this angle in February 2029 is
shown in Fig. 3.

All the other physical and inertial properties of Apophis
are retrieved primarily from (Pravec et al., 2014; Valvano
et al., 2022; Brozovic et al., 2018). Differently from other
sources, in this work the density of Apophis is not

10 cm/px @ 589 m distance
40 cm/px @ 2356 m distance

Resolution

assumed, but computed as a derived parameter of the vol-
ume (given by the shape model) and the mass, in order to
keep consistency among all the different parameters. The
dynamical and orbital properties of Apophis, on the other
hand, are retrieved from the up-to-date orbital kernel pro-
vided by the JPL Horizon system?, retrieved on December
10, 2024. A summary of all the relevant parameters is pro-
vided in Table 6.

2.3. Dynamical model

A high-fidelity model of the dynamical environment in
the proximity of Apophis has been implemented. All rele-
vant gravitational and perturbing accelerations acting on
the CubeSat are considered. In particular, the gravitational
effect of the asteroid ap, which takes into account its non-
spherical and irregular shape, is considered, together with
the acceleration due to the SRP agp, and the perturbations
due to Apophis heliocentric motion as,, which include Sun,
Earth, and Moon gravitational pulling, modeled as a third-
body effect. The relative dynamics of Farinella near Apo-
phis is investigated in a non-inertial reference frame, also
referenced as ApophisFixed. This reference frame is cen-
tered at the Apophis barycenter. The z-axis is aligned with
the asteroid’s angular momentum, the x-axis toward Apo-
phis prime meridian, and the y-axis to complete a right-
handed triad.

In the most general form, the equations of motion for a
point mass (i.e., the CubeSat) in the proximity of Apophis
in the ApophisFixed frame read (Scheeres, 2012)

P=v (1a)
Vv=a,+agptay—20xv—ox(@xr)—axr (1b)

with r and v the position and velocity, respectively, @ the
rotation vector of the ApophisFixed reference frame with
respect to J2000, and @ its derivative.

To provide a suitable representation of the gravitational
field in the close-proximity of the asteroid, a shape-based
gravity model has been implemented. Exploiting the avail-
able polyhedral shape model, the acceleration field pro-
duced by Apophis is computed using the model by
Werner and Scheeres (Werner, 1994; Werner and
Scheeres, 1996), which considers the analytical gravita-
tional potential of a constant-density polyhedral shape.

2 See https://ssd.jpl.nasa.gov/horizons/. Last accessed on April 14, 2025.
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Table 3

Key parameters for the radar.

Parameter Value Description

Antenna cone aperture 35 deg The radar beam’s angular width

Pulsing interval 10s Time between consecutive radar pulses
Number of sampling points 350,000 Number of points for complete coverage
Duty cycle ~ 27% Ratio of active observation time to total time
Observation duration 45min Active radar observation period per sequence
Inactivity period 2h Downtime between observation sequences
Table 4

Main scientific constraints & requirements.

Constraints & Requirements

Optical Camera e The shape of Apophis shall be measured with at least 40 cm resolution.

e The surface topology of Apophis shall be measured with a coverage larger than 90% of the surface at 40 cm scale.
e The camera shall image the surface at least 5 times with different phase angles between 0 and 90 degrees.

Low-Frequency Radar e The spatial coverage during radar observations shall be maximized.

e The CubeSat shall collect multiple measurement sequences per point on the surface of each asteroid target with varying
acquisition geometries. Repetitiveness of ground tracks shall be avoided to favor variety of geometric configurations.
e The radar observations shall be performed with distances from the surface between 1 and 3 km, with a maximum relative

velocity of 1 m/s.

Table 5
Navigation constraints & requirements.

Constraints & Requirements

Navigation e Navigation process shall exploit optical measures to infer the estimated state.

e For robustness’ sake, trajectories where centroiding is possible (i.e., with distances larger than 1.4 km) shall be preferred.
e Navigation algorithms are able to provide good performances when the asteroid is well illuminated (i.e., with a phase angle lower

than 100 deg).

Fig. 1. Apophis polyhedral model as rendered in CORTO (Pugliatti et al., 2023).

4
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P, ‘H

Fig. 2. Apophis rotational state in J2000 on April 13, 2029 (Pravec et al.,
2014).

Feb 24
2029

Feb 06 Feb 12 Feb 18

Fig. 3. Evolution of the tilt angle in February 2029 (Pravec et al., 2014).
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Under this model, the Apophis gravitational acceleration
can be computed as

a,=-Gp| Y Ecorl.— Y ¥t (2)

ecedges fefaces

where G is the universal gravitational constant, p the den-
sity, r, and r, vectors from the field point to edge e and face
/. respectively, and «; is the solid angle associated to face f,
which for triangular faces is defined as

r - (r; xrg)
rirjrk+ri(rj 'l'k) +Vk(rj 'l'i)

Ky = 2arctan

where, r;,1;, and 1, represent the vectors from the mesh
geometric center to the vertices of face f. The dyad E, asso-
ciated to edge e can be computed as

E, =iy, o' +1iy, o )2 (3)

where i/! and /> are the orthogonal to the faces sharing
edge e, while n;, and n,, are the edge-normal vectors asso-
ciated with edge e, while o indicates the dyadic product. On
the other hand, the dyad F, associated to face f can be
computed as

E, =i o, (4)

where i, is the unit vector normal to face f. L, is the poten-
tial of a wire associated to edge e, and it is

nri—|—rj+e,-j
ri+r/’_e,'j

L. =1 (5)
with e; = ||r; — 1|

This model assumes a constant bulk density over the
polyhedral shape. This is adequate for the preliminary
trajectory-design trade-off performed in this work, but it
neglects possible heterogeneities in the internal mass distri-
bution of Apophis. Such heterogeneities may locally per-
turb the gravity field and affect the dynamical
environment around irregular small bodies, as shown in
(Wen and Zeng, 2023). The homogeneous polyhedral
model is therefore used here as a nominal gravity model.

Table 6

Relevant parameters of Apophis.

Parameter Symbol Value References
Total mass M 4.5 % 10" kg (Brozovic et al., 2018)
Ellipsoid semi-axes (a,b,c) (228.966, 159.026, 139.797) m (Pravec et al., 2014)
Bulk density o 2270kg/m* Derived from (Brozovic et al., 2018)
Precession period Py, 27.38h (Pravec et al., 2014)
Rotation period Py 263 h (Pravec et al., 2014)
Sidereal main rotational period P 30.56h (Pravec et al., 2014)
Maximum axes ratio 0.965 (Pravec et al., 2014)
Minimum axes ratio 0.61 (Pravec et al., 2014)
RA and declination of H (o, 0pr) 250, —75deg (Pravec et al., 2014)
Pre-encounter semimajor axis a 0.919AU From JPL Horizon?
Post-encounter semimajor axis a’ 1.101AU From JPL Horizon?
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The acceleration induced by the SRP on the CubeSat is
computed by means of a cannonball model
P() DjUC,A r—rg

Agpp = —
c m

6
e —xs]’ )

where P, (1367W/m2) is the solar flux at 1AU, ¢ is the
speed of light (2.99792 x 10° km/s), D,y is the Sun—Earth
distance (with 1 AU equal to 1.496 x 10® km), C, is the
reflectivity coefficient of the CubeSat, A is its equivalent
surface area, and m is its mass (as indicated in Table 1).
The term rg is the asteroid—Sun vector in the rotating
frame. The SRP is considered only when the CubeSat is
free of eclipses.

The third-body gravitational perturbations can be com-
puted as

r; r—r;
A3p = Z(:uiJr:uA) 3 M 3
ic? (x| [r —ril

(7)

where £ is the collection of the perturbing bodies, namely
the Sun, the Earth, and the Moon, y; their planetary grav-
itational parameter, r; their position with respect to Apo-
phis in the rotating frame, while pu, = GM is Apophis
gravitational parameter. The relative position between
Apophis and the bodies is retrieved at each epoch from
the ephemerides data. It can be noted, however, that
u, < p,; for any perturbing body. Thus, Eq. (7) is simplified
to

r; r—r,

a3 = Z'u’ 3 3) (8)
i <||ri| [[r—xif

It is important to stress that all the three celestial bodies

must be considered across the Earth close encounter as

they are all relevant; see Section 3.

3. Dynamical environment

The dynamical environment close to Apophis is complex
due to its irregular shape and the interaction with the dif-
ferent perturbating accelerations. Thus, their effects on
the motion of a CubeSat should be assessed.

During Apophis close encounter (CE), the effects of the
different accelerations acting on the CubeSat strongly
change, mainly due to the proximity of Earth and Moon.
Fig. 4 shows the accelerations acting on a field point as
function of its distance from Apophis barycenter (left)
and time (right). Acceleration ranges are shown during a
three-days span, centered on the CE time on April 13,
2029, for a distance from Apophis barycentre ranging from
1 to 100 mean body radii. The shaded areas in the plots
accounts for the variation of the acceleration over the con-
sidered timespan (on the left) and distance with respect to
Apophis (on the right). In the near proximity of Apophis,
the gravity of the asteroid (modeled, for simplicity, as cen-
tral gravity) dominates over the other accelerations, but
just after few body radii the dynamics are taken over by
the Earth third-body effect, which becomes the most rele-

Advances in Space Research xxx (xxxx) xxx

vant effect at distances above 3 body radii. SRP and the
Moon third-body effect overcome Apophis gravity above
15 and 40 body radii, respectively, while Sun third-body
effect never dominates over the asteroid gravity in this time
frame for distances below 100 body radii. Concerning time
variation, Apophis gravity is time invariant, while the Sun
gravity and SRP slightly increase due to the decrease in the
Apophis—Sun distance. As anticipated, the strongest varia-
tion of dynamical environment in time is related to Earth
and Moon’s third-body perturbations; as shown in
Fig. 4b, significant variations of these accelerations occur
within a brief period during the CE. The Earth perturba-
tion becomes dominant over the gravity of Apophis in
the hours across the CE, while, in the two days after CE,
the magnitude of Moon attraction becomes comparable
to Apophis and Earth gravity. This behavior is unique with
respect to past asteroid mission scenarios, in which the rel-
ative importance of the Sun third-body term changes
slowly and the proximity environment can be approxi-
mated as nearly time invariant over the science phase. In
the Apophis case, the CE forces a transition through dis-
tinct dynamical regimes, i.e., asteroid-dominated, Earth-
dominated, and Earth-Moon comparable, over a short
time window, making the selection of an adequate force
model and the assessment of trajectory robustness highly
sensitive to epoch. Therefore, the detailed analysis of Earth
and Moon perturbations is not only descriptive, but a nec-
essary step to define the validity domain of simplified mod-
els and to derive credible operational orbit options for
Farinella.

The same analysis is repeated in Fig. 5 for the month
before the close approach, in order to have a more compre-
hensive understanding of the environment during the
whole Farinella mission. Also in this case, Apophis gravity
is the dominant acceleration close to the body. However,
after approximately 10 body radii the dynamics become
governed by SRP.

Fig. 6 gives further insight into the relative importance
of the different modeling assumptions during the month
before the close approach. Differently from Figs. 4,5,
Fig. 6 does not aim to represent the temporal variability
of the perturbing accelerations. Instead, for each distance
from Apophis, the maximum acceleration magnitude
attained over the considered interval is retained, so as to
provide a conservative comparison among the models.
Four different models have been compared: 1) polyhedral
model with all the perturbations, as explained in Section 2
(solid green line), 2) polyhedral model with SRP (dashed
green), 3) only the gravity of Apophis with a polyhedral
model (dotted green), and 4) only the gravity of Apophis
with point-mass central field (red). This hierarchy allows
the contribution of SRP and third-body perturbations to
be separated from the error introduced by simplified
gravity-field representations. The model considering all
the effects and shape-based model is considered as the
real-world reference, while other models are simplifications
of the high-fidelity one. The comparison between
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Fig. 4. Main accelerations in the proximity of Apophis across the close approach. Gravity of Apophis, SRP, and three-body perturbations of Sun, Earth,
and Moon, as function of (a) the distance from Apophis and (b) the relative time with respect the close approach are highlighted. Ranges between

minimum and maximum values are shown as shadowed regions.
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Fig. 5. Main accelerations in the proximity of Apophis one month before the close encounter. Gravity of Apophis, SRP, and three-body perturbations of
Sun, Earth, and Moon, as function of (a) the distance from Apophis and (b) the relative time with respect the close approach are highlighted. Ranges

between minimum and maximum values are shown as shadowed regions.

high-fidelity and simplified models provides insightful
information about the predominance of dynamical effects
near Apophis. Left plot in Fig. 6 shows the acceleration
field computed by each model, whereas the relative error
(in percentage) between accelerations magnitudes com-
puted in the simplified model versus the high-fidelity one
is shown in the right plot.

It is clear that using the full high-fidelity model is needed
to correctly represent the trajectory in close proximity. A
simplified model for Apophis gravity could be used only
relatively far from the asteroid. Indeed, in order to have

a relative error less than 0.1% with the simplified model,
the spacecraft must be further than 8 body radii (i.e.,
1.5 km) from Apophis barycenter.

4. Operational trajectory design and trade-off

This section presents the design approach and method-
ology used to find a suitable operational orbit for Farinella
in the vicinity of Apophis, able to accomplish the scientific
and technological objectives of the mission.
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Fig. 6. Comparison between different acceleration models near Apophis during the pre-close-encounter scientific phase. For each distance from Apophis,
the acceleration magnitude shown is the maximum value attained over the considered time interval. Absolute accelerations are shown in the left plot;
relative errors with respect to the high-fidelity model are shown in the right plot. Third-bodies perturbations include the effect due to Earth, Moon, and
Sun.

4.1. Constraints and drivers

The design space is characterized by several constraints,

inferred by the payloads, the GNC system, and flight
dynamics operations. Specifically, starting from Tables
4,5 and the heritage from Milani (Ferrari et al., 2021;
Bottiglieri et al., 2023), the following constraints were
formulated:

Scientific constraints: RCS-1 must fly close to the aster-
oid to allow both high quality measurements by the
radar and the camera. The radar requires also a non-
null relative velocity with the asteroid surface to
improve its scientific output, while the camera needs rel-
atively low phase angles, to acquire images with the
body illuminated. These constraints are not in contrast,
but the radar and the camera require different possible
trajectories for their optimal performances.

GNC constraints: To enable visual-based navigation,
trajectories with a low phase angle are preferred. More-
over, it is preferred to fly at distances where the central
body is fully contained within the field of view of the
camera, as this enables the use of centroiding algorithms
for navigation, which are highly reliable. These con-
straints are similar, but not equal, to the ones associated
with the scientific return of the camera.

Operational constraints: RCS-1 can communicate with
ground, sending data and receiving telecommands, only
exploiting RAMSES as relay, that enjoys a 4-3-4-3-days
repetitive pattern to contact the Earth. Flight dynamics

operations require at least 48h to be completed. Open-
loop maneuvers pose significant risks from the opera-
tional point of view and should be avoided. For these
reasons, it is preferable to have a time between the
maneuvers of at least 2 d and follow the same opera-
tional pattern given by RAMSES.The system poses
additional attitude constraints to the flyable trajectories.
For example, since the platform lacks a solar arrays
driving mechanism, the spacecraft must assume a Sun-
pointing attitude to generate power. Constraints on
the attitude are given also by the scientific payloads
(i.e., radar and camera must point toward Apophis).
Trajectories that violate compatibility with these two
pointing constraints must be discarded. Additional
design drivers are also considered:

Safety, in terms of risk to escape the asteroid or impact
on it. The risk of impact on Apophis is assessed either a
priori considering the safety factor C for open orbits, or
by evaluating the orbit stability, in case of closed trajec-
tories (Ferrari et al., 2021). Orbits too close to or too far
from the asteroid, even if stable, are considered risky
due to the probability of impact or escape, respectively.
The highest priority is given to trajectories that are
inherently safe, i.e., with C > 0 or with linear long-
term stability. This consideration comes directly from
the Milani mission design heritage (Ferrari et al., 2021).
Simplicity, in terms of reduced operational burden to
perform active operations on the CubeSat and optimiza-
tion of the time allocated on RAMSES to relay CubeSat
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operations. To accomplish this, the natural dynamics
and perturbations of the asteroid environment can be
leveraged to reduce the frequency of maneuvers. Com-
pliance with this design driver is evaluated by consider-
ing the compatibility of the orbit with an operational
pattern based on the 4-3-4-3-days pattern implemented
by RAMSES.

¢ Robustness to the uncertainties due to the system and
dynamical environment. This is tightly connected to
safety and simplicity criteria. Inherently safe trajectories
are typically more robust to uncertainties. On the other
hand, long ballistic time of flights between consecutive
maneuvers require robust trajectories, able to deal with
uncertainties without jeopardizing the safety of the
RAMSES mission or altering the mission profile
strategy.

e Cost, in terms of Av. Apophis dynamical environment is
“slower” than the Didymos system, mainly due to the
smaller gravitational parameter. Thus, smaller maneu-
vers than Milani ones are expected. Since RCS-1 will
have the same propulsion system of Milani, costs are
deemed not critical. For this reason, safe, simple, and
robust trajectories are preferred, at a cost of higher Av.

Given the constraints and drivers, a trade-off analysis is
performed to select the scientific operational orbit. The per-
formance of each option is assessed in terms of ability to
meet the scientific constraints and compliance with the
mentioned criteria in order to get at the end to a summariz-
ing trade-off matrix.

4.2. Candidate orbits

The analysis of the dynamical environment in the prox-
imity of Apophis (Section 3) highlighted the impossibility
of orbiting the asteroid on a stable and purely Keplerian
solution. This is due to the action of the SRP on the Cube-
Sat and the pulling forces exerted by both the Earth and
the Moon during the close approach. The CubeSat has a
high area-to-mass ratio and, therefore, it is extremely sen-
sitive to the dynamical effect of the SRP. For this reason,
alternative solutions were sought. Farinella can fly on sev-
eral orbit types, namely.

1) Hyperbolic arcs. Farinella might use hyperbolic (or
parabolic) arcs. These orbits can grant bounded
Sun phases angles, which is desirable for navigation
purposes, and can involve safely hyperbolic arcs (be-
yond certain energies). Yet, they require a frequent
trajectory control. This strategy has flight heritage
in small-body environment. It was performed by
Rosetta during its initial scientific phase after ren-
dezvous with comet 67-P/Churyumov-Gerasimenko
(Pérez-Ayucar et al., 2018), and it is the strategy
envisaged for Milani during its operational phases
(Ferrari et al., 2021). The key aspect of a patched-
arc strategy is the proper selection of waypoints
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(the manoeuvring points between ballistic arcs)
(Ferrari et al., 2021). After selecting the waypoints,
the trajectory is designed using a numerical targeter,
by setting the duration of the arc to either 3 or 4 days,
to be aligned with the operational pattern expected
by RAMSES. The targeter finds a dynamically-
compliant arc that connects two consecutive way-
points in a given flight time (Ferrari et al., 2021). This
strategy is flexible in terms of waypoint selection,
which can be set to meet observational and opera-
tional requirements. These trajectories are also
designed to be always in the Sun-side region.In the
Farinella case, the time spent inside the science
admissible region should be maximized. Ideally, way-
points inside the admissible region could be selected,
but they would be too close to each other and not
compatible with a 3- or 4-day ballistic trajectory. A
dedicated analysis of patched hyperbolic arcs for
the Farinella operational scenario showed that even
loops exiting from the admissible region would
require a maneuver frequency higher than that
allowed by the expected operational pattern
(Azzola, 2024). Therefore, hyperbolic arcs are safe
and enjoy good characteristics in terms of illumina-
tion and required attitude, but they are incompatible
with operational constraints and ground resolution.
Fig. 7a shows a case with a 2-2-3 manoeuvring
pattern.

2) Terminator orbits. Farinella can leverage terminator-
like orbits, which exploit the solar radiation pressure
to stay in a bounded region with respect to the aster-
oid. Terminator orbits are well-known solutions to fly
in close proximity to minor bodies. A particular type
of orbit, called Sun-stabilized terminator orbits
(SSTO) (Takahashi and Scheeres, 2020), have been
used by OSIRIS-Rex during the close proximity oper-
ations about Bennu (McMahon et al., 2018) and they
are planned for Juventas (Goldberg et al., 2019) as
well as for the experimental phase of Milani. SSTO
lie within a plane orthogonal to the Sun direction,
slightly displaced in the anti-Sun direction. For this
reason, they are free of eclipses, but they are charac-
terized by phase angles higher than 90 deg. Addition-
ally, their range from the main body is bounded and
depends only on the characteristics of the asteroid
and the CubeSat. In the case of Farinella, SSTOs
have a maximum altitude of approximately 1.8 km.
Low ranges and high phase angle pose a challenge
for the optical navigation and optical measurements.
On the other hand, this range can enable scientific
operations with the radar. However, the relative
velocity with the asteroid surface appears low; in
the best case (i.e., at the equator) the relative speed
is given by the spin of Apophis, and could be not
enough to provide good scientific data. Fig. 7b shows
an example of the SSTO with a range of 1.4 km.Start-
ing from the SSTO, other terminator orbits can be
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Fig. 7. Example of different candidate orbits: (a) 2-2-3-days hyperbolic arcs; (b) SSTO with a semimajor axis of 1.4 km; (c)-(d) RTO with different
resonance and energy. Orbits are in the ApophisAntiSun reference frame, with the Sun direction corresponding to the negative x-axis (Broschart et al.,
2014).

found by exploiting some dynamical characteristics.
The most promising ones are the so-called resonant
terminator orbits (RTO) (Broschart et al., 2014).
They are called resonant, since they bifurcate from
SSTO resonance. These trajectories are made of
stable closed flower-like orbits, formed by repetitive
precessing ellipses. Each ellipse has its apocentre in
the Sun side (they have a long arc with good phase
angles) and their pericenter in the night side (experi-
encing, so, short eclipses). A greater variety of RTOs
can be found since it is possible to select both the res-
onance number and the energy. A higher resonance
number means a slower trajectory (i.e., it has a larger
period), while increasing the energy moves the RTO
away from the SSTO, meaning that high energy
RTOs have a more distant apocenter toward the
Sun side. The combination of distances and phase

angles, as well as the high relative velocity at the peri-
centre, could be beneficial for the scientific observa-
tions. Figs. 7d show two examples of RTOs.

3) Hovering. Farinella might hover, i.e., keep the posi-

tion fixed in a given reference frame of interest, ensur-
ing flexibility in the design and compliance with the
observational requirements. In the case of Farinella,
two different hovering strategies can be implemented:
one is to keep the CubeSat fixed with respect to the
Sun, or to hover along the Earth-Apophis line. In
the first case, the phase angle can be selected arbitrar-
ily and it is fixed, while in the second case it depends
uniquely on the trajectory of Apophis. Unfortu-
nately, in the latter case, the phase angle is in certain
portions of the mission lifespan well above 90 deg,
hindering both the camera and the navigation pro-
cesses. On the other hand, hovering at a constant
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phase angle poses problems for the radar, since the
relative motion of the asteroid will be guaranteed
only by its own rotation, which could be not enough
to get good scientific data. It is important to high-
light, however, that for both solutions an active con-
trol strategy is needed to keep the CubeSat in the
desired location. In conclusion, while hovering is a
simple solution to design and it is considered safe, it
is expensive to implement, and it does not guarantee
good characteristics from the scientific point of view.

4.3. Trade-off summary

We summarize all strategies considered to support
science operations in the trade-off matrix reported in
Table 7. The different orbit options described above have
been traded against the identified most important criteria.

RTOs and SSTOs exhibit the best balance among all the
criteria, and they could be used to perform different scien-
tific measurements during the mission lifespan. Hyperbolic
arcs, even if stable and with good characteristics for navi-
gation, can be critical from the operational point of view,
and hence they can be used only when a tight schedule
can be guaranteed and safety is paramount (e.g., during
the flyby). Hovering, similarly, is not an option for the
operative orbit of RCS-1, but can be used during close
approach to reduce the risk of escape and impact.

5. Baseline Operational Trajectory Analysis and Trade-Off
As per Table 5, the best balance among the different cri-

teria 1s awarded to both the SSTO and RTO. However,
these orbits exist in families and thus several orbits can
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be generated by varying one parameter, e.g., the semimajor
axis (SSTO) or the energy at give resonance (RTO). In
order to properly select the baseline operational orbit
among the different possibilities, a detailed trade-off is per-
formed on a subset of these orbits.

5.1. Trajectory options

The subset of operational orbits in the detailed trade-off
is selected in order to encompass as much as possible the
trade space of both SSTO and RTO. Specifically, the fol-
lowing options are considered.

e SSTO with semimajor axis between 0.8 and 1.8 km
spaced by 0.2 km, that is 6 SSTO in total. The minimum
(0.8 km) and maximum (1.8 km) ranges have been
selected to assure safety against impact and escape,
respectively.

e RTO with 3:1 and 4:1 resonance with 3 energy level each
(-13, =11, =9), that is, 6 RTO in total. The two reso-
nances (3:1) and (4:1) are selected since they are the low-
est and highest unit resonances generating stable orbits.
The boundary values for Jacobi energy are selected con-
sidering safety against impact and escape, respectively.

All the candidate trajectories are shown in Fig. 8. SSTOs
are generated by following the methodology in (Takahashi
and Scheeres, 2020), while RTOs are computed first in a
simplified model in the ApophisAntiSun reference frame
as per (Broschart et al., 2014), then propagated in the
high-fidelity model. To distinguish among the different
options, the following naming convention is adopted in
the remainder of this paper:

Table 7
Science orbit trade-off matrix.
Hyperbolic Hovering Hovering
arcs SSTO RTO (Sun) (Earth)
) . Time < 50% 100% ~100% Depends on  Depends on
Science with the distance the distance
radar Relat]ve Good Low Discrete Low Low
velocity
Science with  Phase angle <90 deg >90 deg (60, 120) deg ~0deg >90 deg
camera Distance Can vary Fixed Can vary Fixed Fixed
Operations Time between <3d Only SK Only SK <24 <24
maneuvers needed needed
Phase angle <90 deg >90 deg (60, 120) deg ~0deg >90deg
Navigation Distance >2km <2km (0.5, 2.5)km (1, 5)km (1, 5)km
Against i e Safe Safe Escape is Escape is
Safety escape or safe . . . . . .
. . . trajectories trajectories likely likely
impact trajectories
Compliant Partly
Simplicity with 4-3-4-3 4-day arcs to Yes Yes No No
pattern be split
Robustness Agamst. . e Robust Robust Robust Robust
uncertainties from the body
Monthly Cost ~1.5m/s <lm/s <lm/s >2.5m/s >2.5m/s
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(b) Ensemble of the RTO trajectory options, from Jacobi constant equal to -9.0 on the left, to -13.0 on the right, with a 2.0 step.
First three plots shows 4:1 resonant orbits, while last three plots shows 3:1 resonant orbits.

Fig. 8. Ensemble of all the 12 trajectory options.

e SSTO_apb indicates a SSTO with a nominal semimajor
axis of a.b km (i.e., SSTO_1p2 is the SSTO with a semi-
major axis of 1.2 km);

e RTO_mtn_Japb indicates a RTO of resonance m:n, with
a nominal Jacobi energy of -a.b (i.e., RTO_3t1_J11p0 is
the 3:1 RTO with J=-11.0).

5.2. Trade-off criteria

The 12 candidate options have been traded off against a
number of criteria. For each criterion a performance index
is defined to use in the detailed trade off matrix. For all the
preliminary analyses, a timespan of 21 days representing
the scientific phase before the CE is considered.

Scientific return Trajectory options must be primarily
evaluated on the scientific return they can provide. For this
reason, initial evaluations of the scientific output have been
carried out.

A preliminary operation analysis for the radar is per-
formed, considering characteristics and requirements as
per Tables 3 and 4. For this preliminary radar analysis, a
low-fidelity model of Apophis, represented as a sphere, is
used. The radar analysis is intended only as a preliminary
feasibility screening. The spherical approximation is used
to assess whether the candidate trajectories provide global
angular coverage and non-repetitive ground-track distribu-
tions, rather than to derive a final radar performance esti-
mate. Therefore, local effects associated with the irregular
shape of Apophis, tumbling attitude, detailed range, and

relative-velocity constraints, and instrument-specific radar
performance are not captured at this stage. The resulting
coverage estimates should consequently be interpreted as
first-order indicators. A dedicated high-fidelity radar
assessment based on the polyhedral shape model and
detailed observation geometry is foreseen in the following
mission-design phases. The angular sampling criterion
(Haynes et al., 2021) is used to determine and generate
the number of sampling points on the sphere necessary to
perform monostatic radar observations, ensuring a com-
plete spatial coverage. The observed sampling points are
evaluated at each radar sounding, with a pulse transmitted
every 10 s. This evaluation considers the proposed observa-
tion sequence, an antenna cone aperture of 35 deg, and
assumes that the radar is continuously pointing toward
the center of the asteroid. The analysis shows that candi-
dates orbits are fully capable to satisfy the radar coverage
needs. More specifically, all proposed options ensure 100%
coverage. Examples of the outcome of this analysis are
shown in Figs. 9 and 10. For each trajectory, two visualiza-
tions are presented: on the left, a 2D coverage map of the
asteroid surface, where each sampling point is color-
coded based on the number of times it is observed; on
the right, a ground-track plot of the trajectory on the aster-
oid surface, with the ground track during inactivity periods
highlighted in blue and the ground track during activity
periods shown in orange. These ground-track plots confirm
that the proposed trajectories avoid repetitive patterns,
which is beneficial for ensuring a diverse range of geometric
configurations for observations. The time needed for each
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Fig. 9. Radar coverage analysis for SSTO_0pS8: (a) 2D coverage map of the asteroid surface showing the number of radar observations per sampling point;
(b) Ground-track of the CubeSat trajectory, with blue indicating inactivity periods and orange indicating activity periods.
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Fig. 10. Radar coverage analysis for RTO_4t1_J13p0: (a) 2D coverage map of the asteroid surface showing the number of radar observations per
sampling point; (b) Ground-track of the CubeSat trajectory, with blue indicating inactivity periods and orange indicating activity periods.

Table 8

Time to reach complete coverage of the radar.

Type D Time [h] ({d])

SSTO SSTO_0p8 88.0 (3.66)
SSTO_1p0 88.0 (3.66)
SSTO_1p2 110.0 (4.58)
SSTO_1p4 134.8 (5.61)
SSTO_1p6 107.3 (4.47)
SSTO_1p8 123.8 (5.16)

RTO RTO_3t1_J9p0 189.8 (7.91)
RTO_3t1_J11p0 242.0 (10.08)
RTO_3t1_J13p0 170.5 (7.10)
RTO_4t1_J9p0 203.7 (8.49)
RTO_4t1_J11p0 96.3 (4.01)
RTO_4t1_J13p0 209.5 (8.73)

trajectory to reach 100% coverage is reported in Table 8.
All the times are well below 21 day.

Since the preliminary radar coverage analysis shows a
100% coverage for all the proposed trajectories, the scien-
tific evaluation metric focuses on the camera scientific per-
formances. To this end, a Camera Performance Index
(CPI) has been developed to quantify the quality of obser-
vations based on angular diversity in the viewing geometry.
This index measures how evenly distributed the observa-
tions of each facet of the body are across different viewing
angles, with a maximum score of 1 indicating perfectly
uniform coverage. Characteristics and requirements in
Tables 2-4 are carefully considered, since they directly
affect the allowed orbital ranges to the targets for scientific
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observations. One of the key requirements is achieving a
specific ground sampling distance (GSD). The desired res-
olution is 10 cm/px, with a minimum acceptable resolution
of 40 cm/px. These requirements dictate the allowable
observation ranges. In addition to the GSD, phase angles
also impose operational considerations. Phase angles are
determined by the relative positions of the Sun, CubeSat,
and asteroid. To evaluate the performance of the camera,
a metric has been developed to quantify the quality of
observations by assessing the angular diversity in the view-
ing geometry. A wide variety of viewing geometries will
allow for the generation of surface radiometric models
(e.g., albedo map), and increases the accuracy of shape
and topography models (Palmer et al., 2022). This ensures
compliance with the camera’s Sun incidence requirement,
another key requirement.

The metric evaluates the diversity of the viewing geom-
etry by considering the incidence and emission angles asso-
ciated with each observation of each facet. Both angular
ranges are divided into five sections, as shown in Fig. 11.
The resulting set of admissible angular classes is denoted
by 4, while % denotes the set of facets of the Apophis
shape model. In the present implementation, 4 contains
ten angular classes, so that each newly observed class con-
tributes 0.1 to the local score of a facet.

For each facet f € # and each angular class b € 4, the
binary variable y, is introduced as

1, if facet f is observed at least once in class b
tp = {0, otherwise
)
Repeated observations of the same facet within the same

angular class do not further increase the score. The local
Camera Performance Index of facet f'is then defined as

1
‘ | be#
and the final CPI is obtained by averaging over all facets

CPI— > CPI, (11)

Fig. 11. Graphic visualization of the camera performance index. The
angular subdivision into five sections for both incidence and emission
angles is relative to the normal vector of a specific facet of the shape
model.
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Therefore, CPI = 1.0 corresponds to the ideal case in
which all facets are observed in all the considered angular
classes.

A range-scaled index is also computed to account for the
observation distance. In this case, the bin contribution
1/|4| is replaced by the range-dependent weight

1 . R400m/px >
w=-—min | ———,1 12
o ( 12

"'min

where Ryyem/px 1S the maximum range compatible with a
ground sampling distance of 40 cm/px, and 7y, is the min-
imum observation range along the trajectory.

The results of this analysis for two example candidate
orbits are presented in Figs. 12 and 13, showing an his-
togram illustrating the number of facets with a certain
number of observations, the number of observations per
facet, and the 2D coverage performance index for each
facet. A summary of the results for all the orbits is pre-
sented, instead, in Table 9. In general, all the proposed tra-
jectories achieve a good CPI of at least 0.7. However, the
best results are obtained for RTOs with a 4:1 resonance
and lower energies, as well as for 3:1 RTOs with higher
energies, and for SSTO trajectories with smaller radii,
which exhibit slightly higher indices. This result is further
confirmed when the weighting factor is added to the index.
This adjustment further lowers the index for SSTO trajec-
tories with larger radii and for the low-CPI RTO
trajectories.

Power generation RCS-1 is not equipped with a solar
array driving mechanism. Hence, pointing the payloads
(radar and science camera) to Apophis for scientific and
navigation purposes does not always guarantee having
the solar panels pointing to the Sun, which in turn reduces
the power generated onboard. Thus, it is important to eval-
uate the power profile and its ability to keep the CubeSat
running properly all the subsystems. To this end, the max-
imum Depth of Discharge (DoD) of the batteries is selected
as evaluation metric. When this value exceeds a predefined
threshold, the spacecraft enters safe mode and orients its
solar panels toward the Sun to maximize power generation.
If the solar panels cannot be oriented toward the Sun, the
trajectory would become unfeasible. The desired attitude
profile, aimed at maximizing the incoming solar power,
was calculated using the following rotation matrix

Jxk
o H?Xf'iH (13)

—7

* p—
ABN -

N~~~

where 7 is the position unit vector, and 7 represents the unit
vector from the spacecraft center to the Sun in the space-
craft body-fixed frame. The panel-Sun angle «p is then
computed as the scalar product between the spacecraft—
Sun vector in body frame and the solar panels normal
(the spacecraft x-axis in this case). Fig. 14 shows the evolu-
tion of such angle throughout the 21-day simulation per-
iod, for two example candidate orbits.
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Fig. 12. Science camera analysis for SSTO_0p8: (a) Histogram of the observations for each facet; (b) shape model with colors based on the number of

observations per facet; (c) 2D coverage performance index for each facet.

The spacecraft power generation has been simulated by
considering the cyclic repetition of all operative modes
along with their expected duty cycles. This approach allows
for the simulation of both nominal and high-power
demand scenarios (e.g., when the radar is active). Specifi-
cally, the power generation duty cycle is repeated over a
predefined time interval, which depends on the trajectory
under analysis. For SSTOs, the cycle is repeated every orbi-
tal period, defined as the average time interval between two
consecutive crossings of the x — z plane with a positive y-
component of the spacecraft velocity. For RTOs, the cycle
is repeated every petal period, which is defined as the aver-
age time interval between two consecutive minima in the
spacecraft distance from the central body. While the
required power depends on the spacecraft operative mode,
the generated power is a function of the Panel-Sun angle
op, the incoming solar flux P depending on the Sun dis-
tance, and the solar panels properties

(14)
where n = 0.27 is the efficiency. The power difference can
be computed so as AP = Py, — P,. Once the power differ-

ence is available, the capacity of the batteries can be com-
puted as

Py, = nPcosop

t
C(t) = min (Cmax,/ APdl+C0) (15)
0
where C., 1s the maximum battery capacity and Cy, equal
to 135 W h is the initial battery capacity. Finally, the DoD
can be computed from the battery capacity as

C
Cmax

Since the evaluation metric for the trajectory feasibility in
terms of power is the DoD, its maximum value is used in
the trade-off. The analysis indicates that none of the trajec-
tories pose a critical risk from a power perspective. SSTOs
are optimal, as they can continuously adjust their roll
around the camera axis to maximize solar power intake.
Consequently, power generation remains sufficient, and
no critical conditions arise, with an almost constant DoD
across all trajectories. Regarding RTOs, the DoD exhibits
variability while never reaching critical levels, so allowing
mission execution without triggering safe mode. The evolu-
tion of significant power metrics for two example candidate
orbits are reported in Fig. 15.

Accumulated angular momentum Since RCS-1 shall con-
tinuously slew to have the payloads pointing to Apophis,

DoD = 1oo<1 - (16)


move_f0075

C. Giordano et al. Advances in Space Research xxx (Xxxx) xxx

500— . : :
400
n
S
=300
]
g
= 200
=
=
100
0

50 100 150 200
Number of observations

120
1o £ 0.95
=
1002 3 g
% £ 08 5
2 g
0o 3
% ¢}
80 =
g 0.85
70 S
B
wn
60 08
4150 -100  -50 0 50 100 150 :
50 Longitude
(b) (©

Fig. 13. Science camera analysis for RTO_4t1_J9p0: (a) Histogram of the observations for each facet; (b) shape model with colors based on the number of
observations per facet; (c) 2D coverage performance index for each facet.

Table 9
Detailed trade-off summary. Colors indicate qualitative compliance classes: green for favorable cases, yellow for
acceptable cases, and red for unfavorable cases.

Criteria
Scientific Power Attitude Navigation Orbit control
Type ID return generation control accuracy
CPI Max DoD Pax te Index

[ [%] [mNms] [] []
SSTO_0p8 0.91742 9.94 6.03 1 1
SSTO 1p0 0.87515 9.93 4.03 1 2
SSTO SSTO_1p2 0.87693 9.90 291 1 3
SSTO 1p4 0.85383 9.87 2.14 0.72 4
SSTO_1p6 0.82422 9.85 1.51 0.14 3
SSTO 1p8 0.80628 9.83 1.23 0.50 1
RTO_ 3tl j13p0 0.82477 9.82 1.69 0.64 4
RTO_3t1_j11p0 0.96614 10.88 0.16 0.31 3
RTO RTO_3t1_jop0 0.97175 21.75 3.56 0.27 1
RTO 4tl_j13p0 0.96829 9.86 0.19 0.27 3
RTO_4tl_jl11p0 0.97923 13.70 2.84 0.21 1
RTO _4t1_j9p0 0.97685 28.50 6.53 0.18 1
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Fig. 14. Time evolution for the panel Sun angle of (a) SSTO_0p8 and (b) RTO_4t1_J9p0.
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Fig. 15. Time evolution for relevant power metrics of (a) SSTO_0p8 and (b) RTO_4t1_J9p0.

while maximizing the power intake, the effort required by
the attitude control must be taken into account. The feasi-
bility of the trajectories in terms of attitude control is
assessed based on the maximum accumulated angular
momentum on the spacecraft axes. The torque required
on each spacecraft axis throughout the trajectory evolution
has been computed to establish a figure of merit for atti-
tude control. This analysis assumes the nominal attitude
profile, with the spacecraft camera and radar ideally point-
ing toward the minor body center of mass and the solar
panels continuously oriented to maximize incoming solar
power. Additionally, the contribution required to counter-
act the torque induced by SRP has been considered, mod-
eled through the offset between the spacecraft center of
mass and center of pressure. Other perturbing torques
(e.g., due to Apophis gravity field) are not explicitly
included, since a preliminary order-of-magnitude assess-
ment showed that they are approximately at least one order

of magnitude smaller than the SRP-induced torque. Given
the desired spacecraft attitude, the needed spacecraft angu-
lar velocity @ and torque t can be computed. Specifically,
given two consecutive direct cosine matrices separated by
At, the rate of change of the direct cosine matrix can be
computed as

T
ABNJABN,j—l

Ar (17)

ABN,j =

with Ay defined as Eq. (13). Then, the angular velocity and
acceleration are

o} = —Apy,Agy, (18)
=29 ‘A;"f*‘ (19)

with cojA the angular velocity skew-symmetric matrix. The
torque is computed from the attitude dynamics as
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t=—-Jo+Joxw+r1, (20)

with J the CubeSat inertia matrix and t, the perturbation
torque. The maximum required angular momentum
throughout the trajectory, that is the figure of merit for this
criterion, can be computed as

iy
htot :/ Tdt
0

Two examples for the results are presented in Fig. 16.

A general summary can be found in Table 9. The max-
imum required torque is high for small SSTOs, where rapid
trajectory evolution necessitates fast rotations to maintain
pointing. This effect gradually decreases for more distant
trajectories. For RTOs, the accumulated momentum has
a less predictable behavior, but it increases with the energy,
since more energetic orbits have a more elongated shape
and so they require more pronounced rotations.

Navigation accuracy For RCS-1 the state is determined
by combining visual-based navigation techniques and
LIDAR altimeter measurements. The navigation metric
for evaluating operative orbits is based on two key param-
eters: range and phase angle. The range determines whether
the camera FOV is saturated, while the phase angle affects
the size and the shape of the illuminated portion of the tar-
get. The figure of merit is defined as the time during which
the spacecraft operates under critical conditions, which
correspond to a range below ry;, = 1.4 km (i.e., when the
target saturates the FOV) and a phase angle above
Pmax = 100 deg, as per Table 5. Formally, it is expressed as

! / " (0) < i) V (00) > @)

0]

(1)

le = (22)
with T =1, — t; representing the total observation time.
Lower values of 7., indicate more favorable trajectories
from a navigation perspective.

Orbit control Even though SSTOs and RTOs are ballis-
tic trajectories, uncertainties due to dynamics, navigation,

%107

w [deg/s|

7 [mNm]

tot

x

y E

(a)
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and maneuver execution will cause RCS-1 to deviate from
its nominal trajectory. Therefore, an orbit-maintenance
process is expected to be required to compensate for these
deviations. At this preliminary design stage, candidate
orbits are rated through a qualitative operability index.
The index is based on preliminary stability checks,
minimum-distance margins with respect to the asteroid,
and qualitative sensitivity to TCM execution errors.

For SSTOs, higher-altitude orbits are penalized because
their weaker binding to the asteroid increases the tendency
toward escape under perturbations and maneuver errors.
Conversely, lower-altitude SSTOs, although generally
more stable, are penalized because their reduced clearance
from the surface increases the consequence of TCM errors
in terms of impact risk. Intermediate SSTOs therefore pro-
vide the best compromise. For RTOs, increasing the orbit
energy reduces the stability margin and lowers the pericen-
ter altitude, thereby increasing both escape and impact
concerns. According to these considerations, a qualitative
score from 1 to 5 is assigned to each orbit, where larger val-
ues indicate more favorable orbit-control properties.

5.3. Summary

Table 9 presents the figures of merit for all the candi-
dates. The colors in the trade-off table indicate qualitative
compliance classes: green denotes favorable or
requirement-compliant cases, yellow denotes acceptable
cases with reduced margin or increased operational burden,
and red denotes unfavorable cases that are critical or not
preferred for baseline selection. The thresholds used for
the colored classification are based on the CubeSat proper-
ties, payload and navigation requirements, and operational
margins discussed in Sections 3 and 5.2. SSTOs exhibit gen-
erally favourable characteristics, while low-to-medium
energy RTOs demonstrate a more balanced performance
across the different criteria. A closer look at Table 9 also
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Fig. 16. Time evolution for angular velocity and torque of (a) SSTO_Op8 and (b) RTO_4t1_J9p0.
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highlights clear trends within each family, which are useful
to interpret the trade-off beyond the aggregated statement.
For SSTOs, decreasing the semimajor axis improves the
CPI, as expected from the tighter ranges and more favor-
able observation geometry; however, it comes at the price
of increased attitude-control effort and less favorable nav-
igation conditions, since the trajectory spends a larger frac-
tion of time either below the centroiding range threshold or
at unfavorable phase angles. Conversely, larger SSTOs
progressively reduce attitude-control demand and improve
the navigation metric, but with a gradual degradation of
CPI. This yields an intermediate sweet spot (i.e., mid-
altitude SSTOs) that preserves good imaging performance
while mitigating the operational penalties associated with
the tightest solutions. For RTOs, the camera CPI remains
consistently high across the set, confirming that resonant
dynamics can naturally provide angular diversity without
requiring close ranges. At the same time, increasing the
orbit energy tends to penalize operability: the highest-
energy cases exhibit a marked increase in battery depth
of discharge and accumulated momentum, consistent with
larger attitude excursions needed to reconcile payload
pointing and power generation, and with more elongated
petals. In this sense, low-to-medium energy RTOs emerge
as the best-balanced solutions, retaining near-optimal
CPI while keeping power and attitude-control require-
ments within comfortable margins. Therefore, the trade-
off supports retaining, as primary candidates for the base-
line operational orbit, either a mid-altitude SSTO (for
overall simplicity and benign power behaviour) or a low-
to-medium energy RTO (for the most balanced science-
operability compromise). Thus, both the options could be
selected as final operational orbit.

It is worth noting that orbit accessibility has not yet
been considered, as no release conditions have been defined
yet. However, it is anticipated that RTOs and SSTOs will
have similar insertion costs, meaning accessibility is unli-
kely to alter the outcome. Additionally, a complete quanti-
tative assessment for the radar has not been performed yet.
It will be conducted in the next phases and would be a pri-
mary mean to close the nominal orbit trade-off. Thus, a
final down selection will be provided once release condi-
tions are defined and the radar performance is quantified
with a higher-fidelity assessment.

6. Conclusions

The development of a comprehensive dynamical frame-
work for the RAMSES’s Farinella mission has enabled the
identification of some optimal science orbits for the obser-
vations across the 2029 Apophis flyby. By combining a
high-resolution polyhedral gravity model of Apophis with
perturbations from solar radiation pressure and third-
body influences, the complex acceleration environment
surrounding the asteroid was accurately characterized.
Three trajectory families, namely, patched hyperbolic arcs,

Advances in Space Research xxx (xxxx) xxx

Sun-stabilized terminator orbits, and resonant terminator
orbits, were assessed against qualitative criteria, encom-
passing scientific return, operational simplicity, trajectory
safety, and robustness. Then, specific SSTOs and RTOs
are further evaluated against quantitative metrics, as imag-
ing angular diversity, radar coverage, spacecraft power
budgets, attitude control requirement. This assessment
revealed that low-to-medium energy RTOs provide the
most favorable balance among competing constraints,
while medium-to-high SSTOs have good general charac-
teristics. Additional investigations related to insertion
costs, radar detailed output analysis, and quantitative
covariance analyses, will be used in the next mission phases
to close the trade-off and select a final operational orbit.
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