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Abstract

The exploration of minor celestial bodies is gaining increasing attention due to its scientific relevance, engineering
challenges, and implications for planetary defense. Simultaneously, the use of miniaturized platforms such as Cube-
Sats is expanding due to their lower development, qualification, and launch costs. Their cost-effectiveness enables
higher-risk operations, making them well suited for proximity missions around minor bodies. The RAMSES mission
embodies these two concepts, with the mothercraft RAMSES set to reach (99942) Apophis and conduct in-depth studies
during its close encounter. The mission will deploy two 6U CubeSats, RCS-1 and RCS-2, to characterize the asteroid.
The dynamical environment in proximity of asteroids is highly uncertain, with perturbations playing a significant role.
Therefore, robust orbital and attitude guidance and control strategies are essential for ensuring mission success under
varying conditions. To address this challenge, this study presents a 6-DoF guidance and control simulation framework
for proximity operations along hyperbolic trajectories near minor bodies, with a specific focus on (99942) Apophis.
An optimization algorithm is developed to integrate attitude dynamics with trajectory design while accounting for the
performance and technological constraints of CubeSat propulsion systems. This approach evaluates the feasibility of
employing miniaturized propulsion technologies in a minor body environment. The analysis explores 4 different propul-
sion technologies, namely bipropellant, monopropellant, cold gas, and resistojet, and 10 orbital distances to determine
the feasibility of flying hyperbolic arcs. Based on the proposed methodology, the results indicate that a minimum thrust
of 8 mN is required to enable such trajectories. Additionally, key performance metrics, including observation time,
firing time, propellant consumption, and pointing accuracy, are analyzed. The values and trends of these parameters

are presented as functions of thrust level and orbital distance.

1. Introduction

The exploration of minor bodies has gained signifi-
cant momentum, driven by scientific interest, technologi-
cal advancements, and potential resource utilization [[I-3].
These objects present a broad spectrum of sizes, shapes,
and mass distributions [4, 5], which give rise to a weak
and strongly nonlinear gravitational dynamical environ-
ments, further influenced by unpredictable perturbations
such as Solar Radiation Pressure (SRP). As a result, the
orbital and attitude dynamics of spacecraft operating in
their vicinity are particularly complex and require robust
strategies to account for the large uncertainties, since many
of the system parameters can only be coarsely inferred
from ground-based observations []. In parallel, the ad-
vent of low-cost manufacturing and launch opportunities
has spurred increasing interest in CubeSats for proximity
operations around minor bodies, as their low cost makes
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them suitable for high-risk missions.

Although numerous interplanetary CubeSat concepts
have been studied or proposed for future missions to minor
bodies [[7-9], to date, only six missions, and no CubeSats,
have operated in close proximity to such bodies. These
missions include NEAR [|10], Hayabusa-I [[11]], Dawn
[12], Rosetta [[13], Hayabusa-II [[14], and OSIRIS-REx
[[15]. The only exception is LICIACube [|16], which, how-
ever, performed a flyby of asteroid (65803) Didymos.
Two missions have been confirmed to conduct scientific
investigations near asteroids. In 2027, the 6U CubeSats
Milani [[17] and Juventas [[1§] will accompany the Hera
[[19] platform to the asteroid (65803) Didymos to study
the consequences of the DART impact [20, 21]]. Addition-
ally, the RAMSES mission, scheduled for 2029, will de-
ploy two 6U CubeSats [22], RCS-1 and RCS-2, near aster-
0id (99942) Apophis during its close encounter with Earth.
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The mission aims to assess the effects of Earth’s strong
gravitational pull on the asteroid.

Various studies have explored guidance and control meth-
ods for close proximity operations around minor bodies.
In [23], robust orbital guidance and control algorithms are
developed to handle uncertainties during the approach and
hovering phases of asteroids (101955) Bennu and (433)
Eros, eliminating the need for extensive navigation cam-
paigns. This work uses the cannonball model to account
for SRP and targets circular trajectories, moreover the
spacecraft attitude is not considered.

On the other hand, [24] simulates the approach and hover-
ing of (101955) Bennu using autonomous navigation and
orbit control. This study models the true SRP with a hy-
pothetical spacecraft, assuming that its solar panels are al-
ways oriented toward the Sun. Maneuvers are represented
as impulsive Awv, with the spacecraft attitude assumed to
be ideal.

Additionally, [23] and [26] propose nonlinear landing and
hovering control schemes designed for real-time onboard
implementation, treating the spacecraft as a point mass.
The orbital guidance and control strategy of Milani con-
sidering the cannonball model is deeply described in [27,
28]. Lastly, [29] introduces a high-fidelity 6-DOF sim-
ulator for asteroid landing scenarios, incorporating fixed
propulsion system properties and utilizing reinforcement
learning techniques.

Other studies that closely resemble spacecraft motion
around minor bodies are those addressing the relative mo-
tion between multiple spacecraft in formation flying sce-
narios, due to the similarities in guidance and control
strategies required in both contexts [30—32]. However, a
comprehensive study that accurately couples trajectory de-
sign with attitude dynamics, specifically in the context of
the RAMSES mission to characterize and optimize hyper-
bolic arcs around asteroid (99942) Apophis, is still miss-
ing. Given the importance of correction maneuvers and
the associated attitude pointing accuracy for the RAMSES
mission, having such a study would be highly valuable.
In this work, we solved a guidance and control optimiza-
tion problem that accurately couples attitude dynamics
and trajectory design for hyperbolic proximity arcs around
(99942) Apophis, assessing the feasibility of such trajecto-
ries for different propulsion technologies. The most com-
mon propulsion systems for such trajectories have been
considered, namely bipropellant, monopropellant, cold
gas, and resistojet. Their limitations in completing HAs
in the vicinity of (99942) Apophis have been assessed.
The effects of different minor body properties and a high-
fidelity gravity field are discussed in [33].

The paper is organized as follows. Section E provides
a detailed description of the asteroid and the platform. In
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Section H the algorithms implemented are thoroughly de-
scribed. The results of the optimization and for the differ-
ent propulsion systems are presented in Section @] Finally,
conclusions are discussed in Section .

2. Background
In this section, the properties of (99942) Apophis and
of the platform are described.

2.1 Apophis

Several asteroids have a nonzero probability of impact-
ing Earth, including (99942) Apophis, an elongated, irreg-
ularly shaped asteroid that will make a close approach to
Earth on April 13, 2029. This event presents a unique op-
portunity to study its properties, refine its orbital param-
eters, and assess potential risks for future encounters. In
this work, (99942) Apophis, a Near-Earth Asteroid (NEA),
with its physical properties reported in Table E] and its or-
bital elements listed in Table é)

Rsp [km] 0.221
p [km?/s?] | 3.00 x 107°
RA [deg] 250
Dec [deg] —75
Period |h] 27.38

Table 1. Relevant properties of (99942) Apophis.

a [AU]
1.47

e[—]
0.56

i [deg]
6.35

Q [deg]
35.5

w [deg]
286

Table 2. Minor body trajectory orbital elements.

The main assumption considered is that the minor
body is at its minimum distance from the Sun, approxi-
mately 0.65 AU, and that the Earth is positioned along
its orbit at the point of minimum distance from the mi-
nor body. This orbital configuration enables testing the
feasibility of hyperbolic trajectories under the most chal-
lenging conditions, where SRP and the third-body pertur-
bations from the Sun and Earth are particularly significant.
The assumption that the Sun—minor body vector remains
constant is justified due to the short mission duration con-
sidered in our analyses.

2.2 Platform

The platform considered in this work is a 6U CubeSat,
identical to the one proposed for the Milani mission [28],
representing the baseline for Ramses CubeSat 1 (RCS-
1). Considering the CubeSat body-fixed frame, the scien-
tific payload is assumed to point along the positive z-axis,
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while the main propulsion system is located on the same
axis but on the opposite face of the spacecraft. The solar
panels are aligned with the z-axis, with their normal ori-
ented toward the positive y-axis. These panels are fixed
in this configuration, as there is no mechanism to allow
their rotation. It is also assumed that the spacecraft center
of mass (CoM) is displaced from the platform geometric
center by an amount modeled as zero-mean white Gaus-
sian noise.

ArCOM = N(O7 AT%’OM,maJ;/Q)

where

9]
Arcom,mar = 1.5cm

A CubeSat schematic representation, along with the body
reference frame, and relevant normal vectors are reported
in Figure [ﬂ

Fig. 1. Schematic representation of the 6U platform. n,,
Ngp, and ny represent the normal vectors of the payload,
solar panels, and thruster, respectively.

The CubeSat mass mg¢ is 12 kg, including 1 kg of pro-

pellant mass m,.,. An equivalent reflectivity coefficient
C, = 1.24 is considered.
The CubeSat will fly hyperbolic trajectories in the vicinity
of the asteroid. Specifically, the minimum distance of the
trajectory key points from the body center of mass is set to
3Rsp where Rgp represents the equivalent radius of the
body. The maximum distance is set to 1.2rgo;, where
rsor is the radius of the Sphere of Influence (SOI) of the
body.

ma\ %
rSor = TB-S () @)
mg

where rp_g is the distance of the minor body from the
Sun, and m 4 and mg (1.9891 x 103° kg) are the masses
of the body and the Sun, respectively. These limiting dis-
tances have been chosen for safety reasons to mitigate the
risks of impact and escape from the body.

3. Methodology
3.1 Equations of motion

The dynamical models presented in this work encom-
pass both orbital dynamics and attitude dynamics and kine-
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matics, taking into account the effects of mass evolution
due to spacecraft maneuvers.

Orbital dynamics The spacecraft orbital dynamics in
the vicinity of low-gravity bodies such as asteroids and
comets is highly nonlinear and influenced by perturbations
such as SRP and third-body effects. Specifically, consid-
ering a J2000 inertial frame centered at the minor body
center of mass, the acceleration experienced by the Cube-
Sat can be divided into various contributions, expressed in
this frame:

F=a,+agpp +as,s+as,,+ar 3)

where a;, represents the acceleration due to the small body,
computed using the point mass model, as it is assumed
that the CubeSat remains outside the minor body Brillouin
sphere

ay = —Lor 4)

r

where p is the gravitational parameter of the minor body,
and r and r represent the position and distance of the
spacecraft relative to the body center of mass, respec-
tively.
The acceleration due to SRP is denoted as asgrp, calcu-
lated as the sum of the contributions from each CubeSat
face illuminated by the Sun.

a ApNagsrp,B
SRP = e
0 lffl'c_‘g’B-lliSO

if —IA‘C_S7B -n; >0

®)

where n; is the ith normal vector of the platform sur-

face and agrp p is the SRP in the body frame. The SRP

is then computed in the inertial frame by rotating its value

from the spacecraft body-fixed frame using the rotation
matrix Agy.

The third-body perturbations from the Sun and Earth are
computed as

I'p—pb rc—pb
3 — Hpb—3 (6)
Tp—pb TC—pb

azppb = (fpb + 11)

where the subscript pb refers to the perturbing body,
meaning the numerical values will differ depending on
whether the Sun or Earth is considered. Specifically,
Hpp is the gravitational parameter of the perturbing body,
while r,_,, and rc_p,, are the position vectors of the mi-
nor body barycenter and the field point relative to the per-
turbing body, expressed in the minor body inertial frame.
Finally ar represents the acceleration due to the spacecraft
control actions, specifically provided by its main propul-
sion system. Its value can be computed as

n
arp = —ApNT—— @)
msc
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where 7' is the thrust generated by the spacecraft, and
ny is the normal vector of the face where the propulsion
system is mounted. The resulting acceleration, computed
in the body-fixed frame, is then rotated into the inertial
frame using the Apy rotation matrix. The attitude pro-
file is expressed in terms of two angles: azimuth Az and
elevation El. These angles are parametrized in time as

third-order polynomial functions [34].

Gy

Az(t) = a1 + ast + %t? + ot

T
where a,, = [a1, a2, a3, a4]

®)

b b
El(t) = by + bot + 53152 + €t3

where b, = [by, by, b3, by]”

The firing direction vector np(¢) is then computed as

where f; is the position of the center of the ith surface rela-
tive to the spacecraft CoM. While the attitude control con-
sists of two terms, the gyroscopic effect feedforward com-
pensation and the control authority u,

(16)

The control authority is implemented as a proportional—
derivative (PD) control action, constrained by the maxi-
mum torque achievable by actuators on a 6U CubeSatt.
u, = —KjAw — K,A0 with |u,| < 0.007/Nm
a7
where Aw and A# are the angular velocity and attitude
errors, calculated as the differences between the actual and
desired values, and [ is the 3 x 3 identity matrix. The gain
matrices K, and K are selected through a trial-and-error
approach based on the phase of the mission, with different

U, =wx Jw+u,

ny(t) = [Cos Az(t) cos El(t), sin Az(t) sin El(t), sin El(t)]ﬂalues considered for the firing, cruising, and slew phases,

©)
cos(Az(t)) cos(EL(t))
ny(t) = |sin(Az(t)) cos(EL(t)) (10)
sin(El(t))

Attitude dynamics and kinematics The spacecraft atti-
tude, represented as a quaternion, is propagated using the
spacecraft kinematic equation

o1
q= 59(‘—0)‘1 Y

Where w is the spacecraft angular rate, and q is the space-
craft attitude quaternion, consisting of a vector part v and
a scalar part s .

qzm; seR' veR% (12)
The matrix 2(w) is defined as:
0 —wt
Qw) = L’ wx] (13)

where [-]* is the skew-symmetric or cross-product matrix.
The kinematic equation is coupled with the dynamics
equation to retrieve the spacecraft angular rate.

Jw=JwXxw+T1T+u, (14)

where J is the spacecraft inertia matrix, 7 represents the
external torques acting on the spacecraft, and u. denotes
the attitude control input. The external torque 7 consid-
ered is induced by the SRP due to the displacement be-
tween the spacecraft center of mass and its geometric cen-
ter. Specifically, it is computed as:
10
T =ApnN Zfi X agrp,BMSC
i=1

15)
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as detailed in Table H While optimizing the selected gains
to account for the varying moments of inertia along the
spacecraft principal axes could yield more refined results,
the present study focuses on demonstrating the feasibility
and effectiveness of the proposed control strategy using a
non-optimized set of gains.

Mission phase K, [Nm] K4 [Nms]
Cruising 3x1074 1x107?]
Firing 301 7x 10721
Slew 3x 10731 7.75 x 10721

Table 3. Attitude control gains for the different simulation
phases.

Mass dynamics The spacecraft mass shows an evolu-
tion only during the firing phase, when the thruster is ac-
tive. During this phase, the mass can be propagated using

the relation
T

Ispgo

(18)

where I, is the spacecraft specific impulse, and go (9.81
m/s?) is the standard gravitational acceleration at Earth’s
surface.

3.2 Statement of the problem

The final objective of this work is to assess the feasi-
bility of hyperbolic trajectories close to minor bodies by
minimizing the amount of propellant consumed along the
trajectory. To achieve this, an optimization problem is

*CD-DEV.PD.CW-01, CubeWheel Gen 2 Product Description,
Ver.1.01, https://www.cubespace.co.za/uploads/7007£7£5
-£682-49d6-94d3-13d2cf3c5a93. pdf, Last accessed: December
20, 2024
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formulated as a Nonlinear Programming (NLP) problem.
The vector of optimization variables y is as follows

y= [Tla T27 Atla At%, At%a a11n7 binv a?m bgna

(19)
where T and 75 are the time instants of the second and
third key points, respectively, At1, At}, and At3 are the
time durations of the first and second firings. It is impor-
tant to note that the second maneuver is divided in two
intervals, centered at 77, to allow the optimizer to achieve
an asymmetric firing before and after the second key point.
As described in Eq. (E), al bl a2 and b2 are the vec-
tors of cubic polynomial coefficients describing the evo-
lution of the azimuth Az and elevation El angles during
both firings. The spacecraft states (position and velocity)
at specific selected points along the trajectory are indi-
cated as X, and my is the final mass of the spacecraft.
The objective function f(y), as mentioned above, is given
by

fly) =—my (20)

Minimizing the negative of the final mass m  is equivalent
to maximizing the final spacecraft mass, thereby minimiz-
ing propellant consumption.

This problem must be solved subject to a set of constraints.
Firstly, initial conditions constraint can be defined, where
the initial state and time are fixed to prescribed values: the
starting time of the simulation and the first key point of
the hyperbolic trajectory, respectively. The attitude is also
constrained throughout the entire duration of the simula-
tion to follow a desired attitude profile. These conditions
can be summarized as

to =1 21
X0 = Xg 22)
q(t) = q'(t) (23)

The desired attitude q is a function of the mission phase
(firing, small-body pointing, slew), and will be discussed
in Section B.3.

A set of nonlinear inequality and equality constraints can
also be defined. Specifically, with regard to the inequality
constraints, it is imposed that the spacecraft must be inside
a spatial cube when at the time instants of the second and
third key points of the nominal hyperbolic trajectory, and
the final eccentricity of the trajectory must be greater than
1.2. This eccentricity condition has been introduced as a
safety margin to mitigate the risk of impact with the small
body [27]. These conditions are expressed as

r(T1) € C4 (24)
r(Ty) € Cy (25)
e(Tz) > 1.2 (26)
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where C and C5 represent two cubic regions, the extent of
which depends on the distance of the key points from the

X), M f]T minor body. Specifically, the size of their edges is equal

to

lc =0.10dsc—sB 27

These regions have been assumed to be cubic to simplify
the definition of constraints in the optimization. The non-
linear equality constraints depend on the multiple shooting
algorithm [35] that has been implemented. Their goal is
to minimize the position and velocity defects at each mul-
tiple shooting point and can be expressed as

X(t) = ¢(Xp, ti, tir) with k=0,...,m—1 (28)

were m is the number of multiple shooting points. In this
analysis, we consider m = 4. Specifically, these points
are at the end of the first firing, before the slew maneuver
from minor body pointing to firing, and before and after
the second firing.

Lower bounds are set for the firing durations, correspond-
ing to a value of 0.5 seconds.

Finally, the NLP problem can be formulated as follows

to =ty
X0 = X
q(t) = q'(t)

I‘Tl) ey

min f(y) s.t. (29)

(
y I'(TQ) S CQ

(Tg) > 1.2

(t) = d(x, tr, thr1)
with £=0,....m—1
At € [0.50, o]

At} € [0.25, o]

At3 € [0.25, 0]

e

X

(30)
€1Y)
(32)

A schematic trajectory with all the important parameters
is shown in Figure [.

X0, to
o Aty
x,T| @ At}
X3
A2 °
2 X2
X4

x2, T,

Fig. 2. Schematic representation of the hyperbolic trajec-
tory considered along with some relevant parameters.
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3.3 First guess generation
The first guess for the optimization problem is con-
structed following a three-step procedure.

Impulsive trajectory In the first step, considering only
the point mass gravity of the small body and given two
random points at a fixed distance from the body, a Lam-
bert problem [36] is solved to determine the Avy g pmpert T~
quired to transfer from one point to the other. Since there
are multiple solutions depending on the time of flight, a
zero-finding problem is solved to ensure that the trajec-
tory eccentricity is equal to 1.2.

The second step involves incorporating all the perturba-
tions present in the considered dynamical environment, as
shown in Eq. (B). A simple shooting method is then ap-
plied to compute the initial spacecraft velocity, allowing
the final propagated position to match the desired target
point. Once the distance between the propagated position
and the target one is below a certain tolerance, the problem
is solved and the new impulsive maneuver Awvg; is found.

Maneuver spreading At this point, as a third step, it
is necessary to spread the impulsive maneuvers along the
trajectory to properly simulate the propulsion system and
the attitude evolution during firing. To do so, a constant
attitude profile is considered for the generation of the first
guess, and the firing time duration is computed based on
the propulsion system properties.

msc ArUss

T

Desired attitude computation The desired attitude
varies across the three phases of the mission, and must be
computed accordingly.

For the firing phase, the desired attitude depends on
the thruster direction vector +. Given that the thruster
direction is along the x-axis in the spacecraft body
frame, an eigen-axis, eigen-angle rotation can be used
to compute the body-to-inertial frame rotation matrix
required for the spacecraft attitude control. The desired
angular velocity is set to the null vector.

For the small-body pointing phase, the desired rota-
tion matrix is built to align the x-axis with the small body
and minimize the angle between the solar panel normals
and the Sun direction. This attitude will be referred to as
power maximization (PM).

The desired quaternion representation can then be com-
puted easily.

For the slew phase, an eigenaxis rotation slew maneu-

ver is considered, which is a controlled rest-to-rest motion
between two attitudes. The final desired attitude is either

[AC-25-B4,8,8,x101410

the firing mode or the minor body pointing mode, and the
desired angular velocity is set to the null vector.

3.4 Propulsion systems selection

There is a wide spectrum of miniaturized propulsion
systems tailored for CubeSats. Three broad categories can
be distinguished: chemical, kinetic, and electrical [37]. In
this analysis, electrical thrusters are not considered due
to their limited thrust over power capabilities, which are
not suitable for hyperbolic arcs. Chemical propulsion
can be divided into bipropellant and monopropellant sys-
tems, while kinetic propulsion includes cold gas and re-
sistojet systems. Regarding the resistojet, it is important
to consider the amount of power available to the propul-
sion system. Consequently, the maximum thrust achiev-
able with these systems, given an assumed available power
of 100 W, can be determined. Specifically, for the re-
sistojet, the maximum thrust achievable is 150 mN. The
other propulsion systems considered are not significantly
affected by the incoming power and for this reason a max-
imum thrust of 1N is assumed to be a plausible value
for miniaturized platforms like CubeSats. The properties
of the propulsion systems considered in this work are re-
ported in Table B] To simplify the search space, the spe-
cific impulse has been fixed at the maximum value for the
selected propulsion system.

Prop system T.,, [mN] T,,, [mN] I, [s]
Biprop 100 — 1000 950 350
Monoprop 20 — 1000 510 250
Cold gas 5 —200 102.5 80
Resistojet 0.5 — 150 75.25 150

Table 4. Selected propulsion systems properties.

3.5 Analyses performed

Two analyses were conducted to test the performance
and robustness of propulsion systems in the proximity of
minor bodies.

Variable thrust The key points of the hyperbolic trajec-
tories were chosen to be at an average distance from the
minor body, specifically

(34)

The analysis was carried out considering the different
propulsion systems, spanning the range of thrusts, to as-
sess the feasibility of the trajectory and the minimum pos-
sible thrust required to fly these arcs.
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Variable distance The thrust values for each propulsion
system were fixed at the average value within the range of
thrusts considered, and the distance from the minor body
was allowed to vary from D,,;,, to D, 4. Specifically, ten
different trajectories were considered for this analysis.

3.6 Performance metrics

It is required to define some metrics to assess the per-
formance of the propulsion systems and control methods
employed in our simulations. Four metrics have been de-
fined, which will be further discussed below.

* Observation time percentage. It is the percentage
of time along the trajectory when the spacecraft is
pointing toward the minor body and scientific obser-
vations can be conducted. The condition that must
be satisfied is

A(t) - —7(t) > 1+e¢ (35)

where € is a tolerance value depending on the desired
pointing accuracy we want to achieve, 2 deg for our
simulations.

The observation time can then be computed as

Tobs = Z H[(ﬁ/@) ) _f(t» - (1 + 6)}(tk+1 — tk)

(36)
where H is the Heaviside function. Consequently,
the observation time percentage can be computed as
Tobs

Ty

Nobs = - 100 37

* Firing time. This metric is the total firing time dur-
ing the mission and can be computed as

Atfim’ng = Aty + At% + At%

Aty

(38)

Percentage of propellant consumed. The con-
sumed mass of propellant can be computed from the
firing time At riping as

T

Meconsumed = T g Atfiring
spY0

(39)

Consequently, the percentage of propellant con-

sumed is

Mconsumed . 100 (40)

my =
P
Mprop

* Pointing accuracy. This metric is used to assess
the performance of the attitude control system. It is
specifically evaluated during the minor body point-
ing phase, when precise pointing of the payload to-
ward the minor body is required. The pointing ac-
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T T T T T
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T
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Fig. 3. Variable thrust Bipropellant.

curacy Opoint is computed from the attitude error ex-
pressed in terms of quaternions.

sat) = |30 —a s au) @)

where ® represents the quaternion product, q is the
true spacecraft attitude, and qq is the desired quater-
nion at time ¢. The pointing accuracy is then deter-
mined as the norm of the vector part of the quaternion
error.
(;point = max HAqv || (42)

4. Results

In this section, numerical results from the analyses of
variable thrust and variable distance are provided.

4.1 Variable thrust

While the firing time exhibits a clear trend as thrust
values increase, the other metrics remain largely consis-
tent across the range of thrust values. For this reason, the
firing time trends are graphically illustrated in Figures [3,

A E, and

As expected, the firing time decreases monotonically
with increasing thrust values. However, certain thrust val-
ues do not allow for feasible hyperbolic trajectories; these
cases are indicated by a gray area in the figures. As de-
picted in the figures the minimum thrust value required
for feasible trajectories is 8 mN for the specific case of
(99942) Apophis.

4.2 Variable distance

The observation time percentage, firing time, propel-
lant consumption, and pointing accuracy are reported for
each propulsion system, with thrust held constant and
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Fig. 7. Variable distance observation time percentage.

equal to the average value. The variable distance results
are shown in Figures B, E, E, and .

As the distance from (99942) Apophis increases, the ob-
servation time percentage increases consistently across all
propulsion systems.

In contrast, the firing time decreases with increasing dis-
tance, with the effect being more significant for technolo-
gies with lower thrust. As a result, the resistojet exhibits
the highest firing times at all distances, while the bipro-
pellant and monopropellant systems overlap due to their
similar thrust values.

The propellant consumption follows the same trend as the
firing time and is primarily driven by the specific impulse:
the lower the specific impulse, the higher the propellant
consumption. Consequently, the cold gas thruster exhibits
the highest propellant consumption, while the bipropellant
system demonstrates the lowest.

Finally, the pointing accuracy decreases as the distance
from the minor body increases. This is because the tra-
jectory evolves more slowly at greater distances, enabling
actuators to control and track the desired attitude profile
more effectively.

5. Conclusion

An optimization problem was formulated and solved
to assess the feasibility of executing hyperbolic arcs in
the vicinity of asteroid (99942) Apophis under different
propulsion system configurations. The results emphasize
critical factors influencing the selection of propulsion tech-
nologies for such trajectories. Specifically, with a mini-
mum feasible thrust requirement of approximately 8 mN,
electric propulsion proves unsuitable for hyperbolic arcs
in this context. Across all propulsion systems consid-
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ered, an increase in thrust consistently reduces firing dura-
tion, while observation time, propellant consumption, and
pointing accuracy remain largely unaffected. Addition-
ally, operating at greater distances from the minor body
decreases firing duration, extends observation opportuni-
ties, lowers propellant consumption, and enhances point-
ing accuracy due to the slower evolution of the trajectory.

In conclusion, the findings provide mission designers
with valuable guidelines for propulsion system selection
and preliminary performance assessment for hyperbolic
trajectories near asteroid (99942) Apophis, thereby sup-
porting early-phase trade-off analyses and cost estimation.
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