
Available online at www.sciencedirect.com
www.elsevier.com/locate/asr

ScienceDirect

Advances in Space Research 73 (2024) 4241–4253
Initial Trajectory Assessment of a low-thrust option for the
RAMSES Mission to (99942) Apophis

Andrea C. Morelli, Alessandra Mannocchi, Carmine Giordano ⇑,
Fabio Ferrari, Francesco Topputo

Dept. of Aerospace Science and Technology, Politecnico di Milano, via La Masa, 34, Milan 20156, Italy

Received 20 September 2023; received in revised form 1 February 2024; accepted 4 February 2024
Available online 7 February 2024
Abstract

(99942) Apophis is a potentially hazardous asteroid that will closely approach the Earth on April 13, 2029. Although the likelihood of
an impact has been ruled out, this close encounter represents a unique opportunity for planetary science and defense. By investigating the
physical and dynamical changes induced by this interaction, valuable insights into asteroid cohesion, strength, and internal structure can
be obtained. In light of these circumstances, a fast mission to Apophis holds great scientific importance and potential for understanding
potentially hazardous asteroids. To this aim, ESA proposed the mission RAMSES (Rapid Apophis Mission for SEcurity and Safety) to
reach Apophis before its close encounter. In this context, the paper focuses on the reachability analysis of (99942) Apophis, examining
thousands of trajectories departing from Earth and reaching the asteroid before the fly-by, using a low-thrust spacecraft. A two-layer
approach combining direct sequential convex programming and an indirect method is employed for fast and reliable trajectory optimiza-
tion. The results reveal multiple feasible launch windows and provide essential information for mission planning and system design.
� 2024 COSPAR. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

(99942) Apophis is a potentially hazardous asteroid with
a diameter of about 370 metres that caused a brief period
of concern in December 2004 when initial observations
indicated a probability up to 2.7% that it would hit the
Earth on April 13, 2029 (Chesley, 2005). Subsequent obser-
vations, however, improved predictions and ruled out the
possibility of impact (Giorgini et al., 2008). Nevertheless,
Apophis will pass within 31,000 km of Earth’s surface, clo-
ser than geosynchronous satellites (Sokolov et al., 2012).
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0273-1177/� 2024 COSPAR. Published by Elsevier B.V.

This is an open access article under the CC BY license (http://creativecommons.

⇑ Corresponding author.
E-mail addresses: andreacarlo.morelli@polimi.it (A.C. Morelli),

alessandra.mannocchi@polimi.it (A. Mannocchi), carmine.giordano@
polimi.it (C. Giordano), fabio1.ferrari@polimi.it (F. Ferrari), francesco.
topputo@polimi.it (F. Topputo).
While it is certain that Apophis will miss the Earth, the
exact consequences of the flyby on the asteroid itself
remain uncertain (Zhang and Michel, 2020), with the main
question lying in our limited knowledge of Apophis’ inter-
nal structure. As a matter of fact, the close encounter with
the Earth will subject Apophis to significant tidal torques.
Earth’s gravitational interactions with Apophis will likely
modify its physical and dynamical properties, providing
valuable insights into asteroid cohesion and strength
(Souchay et al., 2014; Valvano et al., 2022). Depending
on those, the asteroid could experience different outcomes,
from measurable seismic waves and real-time surface dis-
turbance (DeMartini et al., 2019), to local surface effects
(Scheeres et al., 2005), up to the complete surface reshaping
(Yu et al., 2014; Kim et al., 2023). For this reason, this
encounter presents an unprecedented planetary defense
and science opportunity, and a mission to Apophis has
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the potential to revolutionize our understanding of the
internal structure of asteroids, which is crucial for effective
planetary defense missions (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). On the other hand, ESA proposed the mission
RAMSES (Rapid Apophis Mission for SEcurity and
Safety) having the aim to reach Apophis before the Earth
close encounter1. 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.

In the context of the RAMSES mission, the present
work aims to explore the reachability of the asteroid Apo-
phis. Reachability analysis is an essential task in the pre-
liminary assessment of asteroid missions (Wagner et al.,
2015; Machuca et al., 2020; Topputo et al., 2021). In this
work, all the possible trajectories departing from the Earth
and reaching Apophis before the Earth fly-by are com-
puted and their overall costs are estimated. The best suit-
able options are identified, and relevant figures that
support the system design are evaluated. The variation of
the required propellant mass with the departure date and
Time of Flight (ToF) have to be produced, with thousands
of trajectories to be computed. For this reason, a fast and
reliable approach is necessary, in order to have the full
envelope of the transfers to Apophis in a relatively small
time. To this aim, a two-layer approach has been
employed. It first exploits the flexibility of a sequential con-
vex programming algorithm and then an indirect method,
the latter guaranteeing the optimality of the solutions. Pre-
vious works have proposed a double layer convex-indirect
method approach. In particular, Tang et al. (2018) devel-
oped a strategy that exploits an adjoint mapping to find
the initial guess for the costates from the solution of
SCP. Moreover, Bonalli et al. (2019) built an SCP strategy
that is able to warm-start an indirect method as well. How-
ever, none of the existing works has exploited a double
layer approach to perform preliminary mission analysis.
In the first layer, a convex optimization-based algorithm
is preferred to other strategies such as nonlinear optimiza-
tion, shape-based methods, and machine learning for the
following reasons. The first layer should provide a rapid
and robust yet sufficiently accurate solution to be used as
input for the second layer. Although nonlinear direct meth-
ods are accurate, they often require long computational
times and fairly good initial guesses (Hofmann et al.,
2023). Introducing the constraints on the spacecraft infinite
velocity could be cumbersome in case of shape-based meth-
ods. Finally, machine learning algorithms lack of complete
theoretical guarantees, and therefore they could lack of
accuracy or robustness (Federici et al., 2022).
1 https://esastar-publication-ext.sso.esa.int/ESATenderActions/details/
56945 (last accessed: July 7, 2023).
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The paper is structured as follows. Section 2 presents an
overview of the assumptions made on the mission and on
the platform. Section 3 shows the approach used to solve
the Apophis reachability problem, with details on the
employed methodology. The results are presented in Sec-
tion 4. Conclusions are drawn in Section 5.

2. Mission overview and assumptions

RAMSES is a small satellite mission that aims at the
characterization of the dynamical and physical properties
of asteroid Apophis before its close encounter with the
Earth, on April 13, 2029, and their changes during the
fly-by. Considering the Earth fly-by’s close temporal prox-
imity, the whole mission design and implementation is
strictly driven by time constraints. As a matter of fact, in
order to properly map the pre-fly-by characteristics of
Apophis, the spacecraft shall reach the asteroid at least
2 months before the encounter. On the other hand, a time
frame of at least 3 years is required to design and manufac-
ture the spacecraft, placing the earliest launch date on
November 1, 2026. These stringent time constraints open
the possibility to use the electric thruster as main propul-
sion system. Indeed, even though electric propulsion sys-
tems require more complex operations, they require a
significantly lower amount of propellant.

Additionally, only direct paths, without any swing-by,
are investigated. Although gravity assists can help mini-
mize the fuel consumption, trajectories that leverage
swing-bys often result in prolonged flight durations. How-
ever, this mission is strongly time-driven due to the limited
timeframe available for spacecraft construction and
launch. Consequently, exchanging propellant mass for
transfer time is deemed unfavorable in this scenario. Fur-
thermore, trajectories relying on gravity assists require a
precise relative configuration of celestial bodies, making
the solutions less robust and more susceptible to delays
within departure windows.

The probe wet initial mass m0 has been assumed to be
500 kg, with 73 kg of available propellant mp. The dry mass
represents more than the 85% of the total mass, corre-
sponding to a typical value for this class of spacecraft.
The selected values for the maximum-thrust-to-initial-
mass ratio Tmax=m0 and for the specific impulse I sp for
the electric propulsion subsystem are 1.2 � 10�4 m/s2

and 1500 s, respectively, which are compatible with state-
of-the-art Hall-effect thrusters (Dannenmayer and
Mazouffre, 2009). Accordingly, the maximum value for
the thrust Tmax is 60 mN.

The spacecraft is inserted directly into an interplanetary
transfer to Apophis by a launcher. Considering the charac-
teristics of Ariane 6.2 and 6.4 launchers2, the infinity veloc-
ity v1 at the Earth sphere-of-influence interface has been
2 Ariane 6 User Manual I2R0: https://www.arianespace.com/wp-con-
tent/uploads/2021/03/Mua-6_Issue-2_Revision-0_March-2021.pdf (last
accessed: July 7, 2023).

https://esastar-publication-ext.sso.esa.int/ESATenderActions/details/56945
https://esastar-publication-ext.sso.esa.int/ESATenderActions/details/56945
https://www.arianespace.com/wp-content/uploads/2021/03/Mua-6_Issue-2_Revision-0_March-2021.pdf
https://www.arianespace.com/wp-content/uploads/2021/03/Mua-6_Issue-2_Revision-0_March-2021.pdf
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constrained to be lower than 4 km/s, with free declination d
and right ascension a in the J2000 reference frame. The
analysis considers a two-body problem dynamics, with
the Sun as the central body. The main assumptions for
the Apophis reachability analysis are listed in Table 1.
3. Approach

The procedure followed to analyze the reachability of
Apophis has to be fast and reliable, since thousands of
fuel-optimal (FO) trajectories must be computed. The out-
put of this analysis is a porkchop plot that shows the pro-
pellant mass required to reach Apophis and the
reachability of the target for different departure dates and
times of flight, considering the assumptions in Table 1. This
assessment has the aim to evaluate the launching condi-
tions and compute the trajectories spanning the whole tem-
poral search space. The approach for this analysis exploits
two layers:

1. A direct sequential convex programming (SCP) algo-
rithm (Morelli et al., 2021), used for each departure date
and time of flight. It gives a first assessment of the opti-
mal launching conditions and trajectory, as it allows to
easily include the free infinite velocity given by the
launcher;

2. The outputs of the first step are used to feed an indirect
method (Zhang et al., 2015), able to guarantee optimal-
ity of the solution in terms of propellant mass.

This two-layer approach is employed to exploit the easy
handling of the free launching conditions of the first
method and the guaranteed optimality of the second one.
The minimum-fuel problem is solved with fixed initial
and final boundary conditions, and time of flight. The ini-
tial boundary condition is variable in the first step of the
methodology and fixed in the second.
3.1. Convex Optimization with Free Infinite Velocity

In the first step, the nonconvex low-thrust trajectory
optimization problem is solved by considering a sequence
Table 1
Search space assumptions to perform the reacheability analysis.

Time Constraints Earliest departure date November 1, 2026
Max. Time of Flight ToFmax 800 days
Latest arrival February 13, 2029

Spacecraft m0 500 kg
Propulsion Continuous
Tmax=m0 1.2 10�4 m/s2

Isp 1500 s
Tmax 60 mN
mp 73 kg

Launcher v1 64 km/s
d 2 ½�90;þ90�deg
a 2 ½�180;þ180� deg
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of convex subproblems whose solutions eventually con-
verge, under certain hypotheses, to the solution of the orig-
inal one (Malyuta et al., 2022). The full theoretical
characterization of SCP convergence is provided in previ-
ous works in literature (Bonalli et al., 2019; Mao et al.,
2016). At each iteration, the following problem is solved
(Wang and Grant, 2018; Hofmann et al., 2023)

minimize
uðtÞ

� wðtf Þ þ k
Z tf

ti

maxð0; gðtÞÞdt þ k
Z tf

ti

kmðtÞk1 dt

ð1aÞ
subject to :

_xðtÞ ¼ fð�xðtÞ; �uðtÞÞ þ Að�xðtÞÞðxðtÞ � �xðtÞÞ þ BðuðtÞ � �uðtÞÞ þ mðtÞ
ð1bÞ

CðtÞ 6 Tmaxe
��wðtÞ 1� wðtÞ þ �wðtÞð Þ þ gðtÞ ð1cÞ

sðtÞk k2 6 CðtÞ ð1dÞ
xðtÞ � �xðtÞk k1 6 R ð1eÞ
rðtiÞ ¼ ri; vðtiÞ ¼ vi; wðtiÞ ¼ wi ð1fÞ
rðtf Þ ¼ rf ; vðtf Þ ¼ vf ð1gÞ
xl 6 x 6 xu; ul 6 u 6 uu ð1hÞ
where x ¼ ½r; v;w� and u ¼ ½sx; sy ; sz;C� ¼ ½s;C� are the state
and control variables, respectively. The quantities gðtÞ and
mðtÞ are slack variables to avoid the so-called artificial
infeasibility, and the constant parameter k in the objective
function is a user-defined weight. The times ti and tf are the
initial and final transfer times. R is the radius of the trust
region assuring that the convexification of the problem is
valid. The reader can refer to previous works (Bonalli
et al., 2019) for a more comprehensive explanation of the
SCP technique. In Eq. (1b), the matrices A and B are
defined as

Að�xðtÞÞ :¼ @f

@x
j�xðtÞ; B :¼ @f

@u
j�uðtÞ ð2Þ

where

fðx; uÞ ¼
vðtÞ

� l
r3 rðtÞ þ sðtÞ
� CðtÞ

Ispg0

2
64

3
75 ð3Þ

with r ¼ rðtÞk k2. The problem in E*qs. (1) is a Second-
Order Cone Program (SOCP) and can be handled by effi-
cient convex solvers. In this work, it has been solved using
an Hermite–Simpson discretization scheme (Morelli et al.,
2021) and the Embedded COnic Solver (ECOS)
(Domahidi et al., 2013).

In order to account for the additional degree of freedom
provided by the launcher, the problem is enhanced as
follows:

1. Three additional variables vx1; v
y
1, and vz1 are introduced

and collected in the vector v1 2 R3.
2. The initial boundary conditions on the velocity of the

spacecraft in Eq. (1f) are expressed as

vi ¼ vEðtiÞ þ v1 ð2Þ
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where vEðtiÞ indicates the velocity of the Earth at the ini-
tial time ti.

3. It is possible to express the constraints on the maximum
magnitude of the infinite velocity as

kv1k2 6 vmax
1 ð5aÞ

Note that the constraint in Eq. (5a) is a Second-Order
Cone Constraint (SOCC). Therefore, considering the
constraints in E*qs. (5) still makes the problem in
E*qs. (1) convex without introducing any additional
approximation with respect to the nonlinear and non-
convex formulation. It is worth to explicitly mention
that the declination and the right ascension of the infi-
nite velocity are left free to vary.

Although the SCP algorithm is rather robust (Hofmann
et al., 2023), the solution of a given problem depends on
the initial guess. Therefore, to obtain an homogeneous
porkchop plot, a continuation method has been used,
which considers the solutions of already-solved problems
as initial guess for their neighbours. This also helps reduc-
ing significantly the computational time (Topputo et al.,
2021). The continuation procedure can be summarized as
follows.

1. First, the trajectory associated with the earliest depar-
ture date and longest duration is computed with a sim-
ple shape-based initial guess based on cubic
interpolation, as proposed in previous works (Taheri
and Abdelkhalik, 2012). This trajectory corresponds to
the green box of the matrix in Fig. 1.

2. The search space is discretized using time grids. In par-
ticular, a numberM of times of flight and a number N of
departure dates are considered.
T
im
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o
f 
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Departure Date

F
O

T
O

Fig. 1. Continuation scheme for the feasibility plot adopted in the two
layers.
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3. Then, for all i ¼ M � 1; . . . ; 1 and earliest departure
date, the solution of the (already solved) problem asso-
ciated with higher time of flight is interpolated to obtain
the initial guess. Since an Hermite–Simpson discretiza-
tion scheme is used, the state in each trajectory segment
is a third-order polynomial. If the step in the time of
flight direction is fairly small, the state of Apophis cor-
respondent to the cases i� 1 and i is similar, and there-
fore the considered trajectory represents a consistently
good initial guess. In the case when the optimal control
problem ði� 1; 1Þ did not converge, a cubic-based ini-
tial guess is instead used for the problem ði; 1Þ.

4. Once the trajectories associated with all the time of
flights and first departure date have been computed,
an additional continuation is performed. In particular,
for all departure dates j ¼ 2; . . . ;N , the solution of the
problem with ToFmax and departure date j� 1 is used
from the new departure date j to the arrival date associ-
ated with the trajectory ðM ; j� 1Þ to obtain the initial
guess for the problem ðM ; jÞ. In case the case
ðM ; j� 1Þ did not converge, a shape-based initial guess
is used instead.

5. For each of the departure dates, the FO trajectory with
lower time of flight that reached convergence is finally
used as initial guess to solve the time-optimal (TO)
problem as well (Morelli et al., 2021). This continuation
corresponds to the last separated row of the matrix in
Fig. 1.

In order to further speed-up the convergence process,
the number of nodes used by the algorithm to solve the
problems is considered to be directly proportional to the
time of flight. In particular, a number of nodes
Pmax ¼ 150 for the largest time of flight ToFmax ¼ 800 days
is chosen, and therefore

P ¼ Pmax

ToF

ToFmax

� �
ð6Þ

To properly detect the variations in propellant mass mp and
having a more efficient continuation, a variable step grid in
the time-of-flight dimension is exploited. From ToF of
244 days up to 460 days, the time step has been considered
to be 1 day, while a 20-day interval is considered from 460
on. This step is necessary to refine the porkchop in the zone
closer to the TO solution, where both the convex and the
indirect solvers benefit from denser discretization grids.
Contrarily, the time step for the departure dates is fixed
and set to 5 days. This grid requires about 16,000 trajecto-
ries to be computed, confirming that a fast methodology is
needed to assess the feasibility of a low-thrust mission to
Apophis.
3.2. Indirect Optimization Refinement

The results obtained with the convex step are used as
inputs for the indirect formulation and the generation of



Fig. 2. Propellant mass porkchop plot.
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the final porkchop. Differently from direct methods, indi-
rect ones aim at satisfying the necessary optimality condi-
tions of the low-thrust trajectory optimization problem,
which are derived through the calculus of variations
(Kechichian, 1997). The methodology developed in previ-
ous works (Zhang et al., 2015) is used. It solves the shoot-
ing problem that stems from the imposition of the
necessary conditions as specified here after. In particular,
the augmented dynamical equations of states ½r; v;m� and
costates ½kr; kv; km� for the two-body problem are consid-
ered (Wang and Topputo, 2022)

_y ¼ FðyÞ )

_r ¼ v

_v ¼ � l
r3 rþ u Tmax

m a

_m ¼ �u Tmax

Ispg0

_kr ¼ � 3l
r5 ðr � kvÞrþ l

r3 kv

_kv ¼ �kr
_km ¼ �u Tmax

m2 kv

8>>>>>>>>><
>>>>>>>>>:

ð7Þ

where uðtÞ 2 ½0; 1� is the throttle factor and aðtÞ is the thrust
direction vector, and have to be imposed to their optimal
value u�ðtÞ ¼ ½u�ðtÞ; a�ðtÞ� such that the Pontryagin Maxi-
mum Principle (Bryson and Ho, 1975) is respected. To inte-
grate these equations, the algorithm enforces the initial
conditions at ti for both the TO and FO problems

rðtiÞ � ri ¼ 0; vðtiÞ � vi ¼ 0; mðtiÞ � m0 ¼ 0 ð8Þ
The initial mass m0 is constant and considered equal to
500 kg as per the assumptions in Table 1, whereas ri is
the initial position of the Earth, which varies with the
departure date considered in each point of the search space
mesh. The initial velocity is defined from the results of the
convex optimization step. In particular, according to Eq.
(2), it is

vi ¼ vEðtiÞ þ v1 ¼
vE;xðtiÞ þ v1 cos a cos d

vE;yðtiÞ þ v1 sin a cos d

vE;zðtiÞ þ v1 sin d

2
64

3
75 ð9Þ

where v1; a, and d, come from the results of the first convex
layer.

To obtain the solutions in the search space mesh, the
same continuation scheme described in Fig. 1 is exploited
for the indirect formulation. We first solve the FO prob-
lem: yðtÞ ¼ uðyi; ti; tÞ being the solution flow integrated
from ti to a generic time instant t, the FO shooting prob-
lems aim to find k�i ¼ k�ðtiÞ such that the solution at the
final time tf , namely yðtf Þ ¼ uð½xi; k

�
i �; ti; tf Þ, satisfies the

boundary conditions

rðtf Þ � rf

vðtf Þ � vf

kmðtf Þ

2
64

3
75 ¼ 0 ð10Þ

where rf and vf are the known final position and velocity of
Apophis, respectively, which depend on the arrival date
considered for the specific point of the search space mesh.
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In the integration of the flow, it can be proved (Zhang
et al., 2015) that the optimal thrust vector can be expressed

as a� ¼ � kv
kv
, whereas the optimal throttle factor u� has the

following structure:

u� ¼
0 if SFO > 0

2 ½0; 1� if SFO ¼ 0

1 if SFO < 0

8><
>: ð11Þ

where SFO is the FO switching function,

SFO ¼ 1� km � kv
Ispg0
m . When solving the TO problem, the

objective is to find the pair ½k�i ; t�f � such that

yðt�f Þ ¼ uð½xi; k
�
i �; ti; t�f Þ obtained by the integration of Eq.

(7) satisfies the boundary conditions

rðtf Þ � rT ðtf Þ
vðtf Þ � vT ðtf Þ

kmðtf Þ
Htðtf Þ � krðtf Þ � vf � kvðtf Þ � af

2
6664

3
7775 ¼ 0 ð12Þ

where Ht is the Hamiltonian of the TO problem, i.e.,

Ht ¼ 1þ kT � f with f ¼ fðxðtÞ; uðtÞÞ being the dynamics of
the spacecraft, and af ¼ _vf is the acceleration of Apophis
at the final time. In the integration for the TO problem,
the optimal a� and u� follow the same logic of the FO prob-
lem, apart from the switching function which is replaced

with the TO switching function STO ¼ �km � kv
Ispg0
m . To

solve the TO problem the values of v1; a, and d obtained
from the convex layer are exploited, as well as the value
of the ToF, which is used as initial guess for the optimal t�f .
4. Results

Considering the mission constraints in Table 1 and the
approach in Section 3, three different analyses are carried



Fig. 3. DV porkchop plot.

Fig. 4. Characteristics of the optimal excess velocity provided
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out. First, a reachability assessment over the full departure
and arrival windows is performed with a nominal thrust-to-
mass ratio. Three convenient launch windows are identified
and therefore three correspondent representative trajecto-
ries are analysed. Finally, it is shown that a fourth launch
window can open up if engines with higher thrust-to-mass
ratios are considered. Details about these analyses are pro-
vided in the remainder.

4.1. Reachability assessment

Fig. 2 shows the porkchop plot related to the reachabil-
ity of the Apophis asteroid under nominal conditions. This
and the following plots are to be read as follows:

� The x-axis represents the departure date;
� The y-axis represents the time of flight;
� The color code represents the quantity of interest, indi-
cated on the colorbar on the right of the plot;
by the launcher for each departure date and time of flight.



Fig. 5. CPU time required for all converged times of flight at the earliest departure date.

Table 2
Characteristics of the selected representative trajectories.

ID Departure date Arrival date ToF (d) mp (kg) DV (km/s)

A May 10, 2027 Feb 8, 2029 640 70.43 2.21
B Nov 11, 2027 Jan 23, 2029 439 54.95 1.69
C Dec 11, 2027 Jan 14, 2029 400 72.23 2.29
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� The patched grey area indicates rendezvous happening
after the latest arrival accordingly to Table 1, and that
are therefore unfeasible;

� The oblique dashed segments represent rendezvous
dates coinciding with, from up to down respectively,
�3, �4, �5, and �6 months from Apophis’ closest
encounter with the Earth;

� The bold blue line indicates time-optimal solutions, i.e.,
the interplanetary transfers for which the thruster is kept
on for the whole time of flight. Note that for a given
departure date, solutions with lower times of flight are
unfeasible (corresponding to the blue-dashed area). It
can be noted that in some cases the time-optimal solu-
tion seems to be in the infeasible region. This sometimes
happens because the convex optimization layer, when
close to the time-optimal solution, may encounter chal-
Fig. 6. Thrust profiles of tr
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lenges in achieving convergence smoothly. A finer dis-
cretization in the ToF dimension would solve the
issue. The areas where this happens, however, are far
from the launch windows and in any case the baseline
trajectory for a spacecraft would be chosen to be ‘‘close”
to the time-optimal solution.

� The dashed black line represents the available propellant
of 73 kg.

The irregular behaviour at the center of the porkchop is
related to the sudden change of asteroid orbital elements at
the Earth flyby. In that point, a quasi-impulsive velocity
change is experienced by the asteroid in the heliocentric ref-
erence frame, making it difficult for the optimizer finding a
solution for the rendezvous. Fig. 3 shows the required DV ,
computed using the Tsiolkovsky equation as
DV ¼ Ispg0 ln

m0

mf
.

Results show that, under the considered hypotheses,
there are three feasible launch windows, namely:

� A first one, with launch dates between November and
December 2026 and times of flight that span from 540
and 800 days approximately (upper-left part of Fig. 2);
ajectories A, B, and C.



Fig. 7. Geometrical analysis and representation in the J2000 reference frame of the solution A.
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Fig. 8. Geometrical analysis and representation in the J2000 reference frame of the solution B.
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Fig. 9. Geometrical analysis and representation in the J2000 reference frame of the solution C.
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� A second one, with launch dates between April and May
2027 and times of flight of 620–660 days;

� A third one, consistently larger, with launch dates from
September to November 2027, and times of flight span-
ning from 250 to 500 days.

Figs. 4 present the optimal magnitude, declination, and
right ascension, respectively, of the excess velocity of the
spacecraft with respect to the Earth in the equatorial, helio-
centric reference frame (J2000) as a function of the depar-
ture date and time of flight. In all the aforementioned
windows, the norm of the excess velocity reaches the max-
imum allowable value. Moreover, the optimal declination
of the excess velocity in the regions of interest never
assumes large values and it is included between ±40 deg,
values which are compatible with the Ariane 6.2 and 6.4
launchers.

Figs. 5 show the computational time required for the
two layers of the methodology. Results refer to the first
departure date. A single optimal solution requires at most
15 s to run both the layers, with a mean runtime of less
than 9 s. Additionally, it is worth noting that the continu-
ation scheme proves beneficial in expediting the identifica-
tion of solutions with lower ToF. Typically, these solutions
require longer computation times due to their proximity to
the time-optimal solution. As a matter of fact, the convex
layer requires less than 1 s to compute the optimal solution.
The indirect layer requires slightly longer times due to the
internal continuation from the energy- to the fuel-optimal
problem (Zhang et al., 2015). In conclusion, only few hours
are required to compute the porkchop plot and complete
the reachability analysis.
4.2. Candidate Trajectories

From the reachability analysis presented in Fig. 2, three
sample trajectories have been selected, indicated with three
dots:
Fig. 10. Porkchop plots for hi
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A) (white dot): Departure date on May 10, 2027;
B) (yellow dot): Departure date on November 11, 2027;
C) (dark orange dot): Departure date on December 11,

2027.

The three trajectories have been selected because they
are respectively relevant due to A) an early launch date that
would allow backup solutions in case of failure, B) a con-
venient required propellant mass significantly lower than
the others, and C) a later launch date that would still allow
an early arrival at Apophis with required propellant mass
similar to the solution A. No trajectory has been selected
in the first available window (i.e., between November and
December 2026) as a launch in this period could be too
early for the completion of the mission design phases.
The characteristics of the selected trajectories have been
reported in Table 2. Note that each of them requires a pro-
pellant mass value lower than 73 kg, and arrives two-to-
three months before the close encounter to ensure sufficient
time for pre-fly-by characterization of Apophis. The thrust-
ing profiles of the selected trajectories are shown in Fig. 6.
In Figs. 7–9 some preliminary geometrical considerations
relative to the selected transfers are reported, as well as
the interplanetary trajectories in the heliocentric equatorial
frame.

As expected, solution A exhibits rather short thrust arcs,
while trajectory C requires longer and more frequent
thrusting arcs. This behaviour correlates with the distance
from the time-optimal solution. On the other hand, there
is no significant differences in the distance and in the geo-
metric quantities. This finding can simplify the system
design, since communications with the ground, power gen-
eration, and relative navigation with the target are not
severely affected by the trajectory of choice.
4.3. Analyses with higher thrust-to-mass ratios

The nominal analysis has been conducted considering a
Tmax=m0 of 1.2 � 10�4 m/s2, corresponding to a thrust of
gher thrust-to-mass ratios.
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60mN. In order to explore if additional opportunities are
present when different propulsive systems are considered,
a sensitivity analysis is performed, considering higher
thrust-to-mass ratios, on the bottom right portion of
Fig. 2. A possible window in this region will allow a late
launch to the asteroid, giving more time for the design
and integration of the spacecraft.

Figs. 10 show that an additional window that satisfies
the time and propellant constraints opens up in the times-
pan March–May 2028 with 270–360 days of time of flight,
when thrusters with slightly higher thrust-to-mass ratios
are considered (namely, 1.8 10�4 m/s2 and 2 10�4 m/s2 cor-
responding to, respectively, thrust levels of 90 mN and
100 mN and the nominal initial mass of 500 kg). For these
plots, the patched red area indicates rendezvous happening
later than one month before the close encounter of the
asteroid with the Earth. In conclusion, higher thrust levels
may open up new feasible launch windows and thus
improve the asteroid reachability.
5. Conclusion

In the context of the RAMSES mission, a fast and
robust methodology has been introduced to evaluate the
reachability of Apophis with a low-thrust satellite before
its close encounter with the Earth on April 13, 2029. To
this aim, porckchop plots from the Earth to Apophis have
been computed using a two-layer approach, exploiting a
direct sequential convex programming algorithm followed
by an indirect method. This method allows an easy han-
dling of the free launching condition, while guaranteeing
optimality of the solution, and it is able to compute more
than 16,000 trajectories in few hours. Under the considered
hypotheses, three feasible launching windows are identi-
fied. Each window lasts about 3 months and is separated
from the other by about half a year, with the last one open-
ing in September 2027. A fourth late short window,
between April and May 2029, can be found if higher
thrust-to-mass ratios are considered.
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