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 A B S T R A C T

Exploration of minor celestial bodies is attracting increasing attention due to the scientific insights and 
engineering advancements it can provide. Concurrently, miniaturized platforms such as CubeSats are becoming 
increasingly popular because of their reduced development, qualification, and launch costs. This enables riskier 
operations, making them ideal for proximity operations around minor bodies. This work introduces a 6-
DoF guidance and control simulation framework for proximity operations along hyperbolic trajectories near 
minor bodies. An optimization algorithm was designed coupling attitude dynamics with trajectory design, 
while directly considering performance and technological limitations of CubeSat propulsion systems. This is to 
evaluate the feasibility of using miniaturized propulsion systems in a minor body environment. The analysis 
examines various propulsion technologies, orbital distances, and minor bodies to assess the feasibility of flying 
hyperbolic arcs. Key performance metrics, including observation time, firing time, propellant consumption, 
and pointing accuracy, are considered.
1. Introduction

Minor body exploration is experiencing rapid growth due to various 
factors, including scientific, engineering, and resource utilization inter-
ests [1–3]. These bodies exhibit a wide range of sizes, shapes, and mass 
distributions [4,5], resulting in weak and highly non-linear dynamical 
fields dominated by unpredictable perturbations such as Solar Radia-
tion Pressure (SRP). Consequently, the attitude and orbital dynamics 
of spacecraft in close proximity to these bodies are highly challenging 
and must be robust to handle diverse scenarios, as most parameters are 
only roughly estimated from ground-based observations [6].

Simultaneously, low-cost manufacturing and launch platforms,
known as CubeSats, are increasingly being considered for missions near 
these bodies, as their reduced costs enable riskier operations.

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, however, performed a flyby 
of asteroid (65803) Didymos.

Two missions have been confirmed to conduct scientific investi-
gations near asteroids. In 2027, the 6U CubeSats Milani [17] and 
Juventas [18] will accompany the Hera [19] platform to the asteroid 
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(65803) Didymos to study the consequences of the DART impact [20,
21]. Additionally, the RAMSES mission, scheduled for 2029, will deploy 
two 6U CubeSats [22] near asteroid (99942) Apophis during its close 
encounter with Earth. The mission aims to assess the effects of Earth’s 
strong gravitational pull on the asteroid.

Various trajectories are possible for operations near minor bodies, 
with some relevant being Hyperbolic Arcs (HA), Sun-Stabilized Ter-
minator Orbits (SSTO), and Periodic Orbits (PO). While SSTOs and 
POs existence and characteristics are highly dependent on the specific 
target body and constrained by factors such as operational range and 
the minor body phase angle, HAs offer greater flexibility. HAs enable 
operations near virtually any body at varying distances, making them 
an attractive choice for a wide range of mission scenarios.

Various studies have explored guidance and control methods for 
close proximity operations around minor bodies.

In [23], robust orbital guidance and control algorithms are devel-
oped to handle uncertainties during the approach and hovering phases 
of asteroids (101955) Bennu and (433) Eros, eliminating the need 
for extensive navigation campaigns. 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 hovering of 
(101955) Bennu using autonomous navigation and orbit control. This 
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Table 1
Relevant properties of the minor bodies considered in this work.
 Body name 𝑅𝑆𝐵 [km] μ [km3∕s2] RA [deg] Dec [deg] Period [h] 
 (99942) Apophis 0.221 3.00 × 10−9 250 −75 27.38  
 (101955) Bennu 0.282 4.67 × 10−9 85.45 −60.37 4.29  
 67P/Churyumov–Gerasimenko 2.591 6.65 × 10−7 69.3 64.1 12.76  
study models the true SRP with a hypothetical spacecraft, assuming 
that its solar panels are always oriented toward the Sun. Maneuvers 
are represented as impulsive 𝛥𝑣, with the spacecraft attitude assumed 
to be ideal.

Additionally, [25,26] propose nonlinear landing and hovering con-
trol schemes designed for real-time onboard implementation, treating 
the spacecraft as a point mass.

The orbital guidance and control strategy of Milani considering 
the cannonball model is deeply described in [27,28]. Lastly, [29] 
introduces a high-fidelity 6-DOF simulator for asteroid landing sce-
narios, 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 motion between multiple space-
craft in formation flying scenarios, due to the similarities in guidance 
and control strategies required in both contexts [30–32]. However, a 
study that accurately couples trajectory design and attitude modeling 
while considering a variety of propulsion systems is still missing. Given 
the importance of correction maneuvers and the associated attitude 
pointing accuracy for such operations, having such a study would be 
highly valuable.

In this work, we solved a guidance and control optimization prob-
lem that accurately couples attitude dynamics and trajectory design for 
hyperbolic proximity arcs around minor bodies, assessing the feasibility 
of such trajectories for different propulsion technologies and minor 
body properties. The most common propulsion systems for such tra-
jectories have been considered, namely bipropellant, monopropellant, 
cold gas, and resistojet. Additionally, three different minor bodies are 
considered for analysis, specifically asteroids (99942) Apophis and 
(101955) Bennu, and comet 67P/Churyumov–Gerasimenko, showing a 
variety of size, shapes, and gravitational constant. The effects of these 
properties on the feasibility of HAs are evaluated, and the influence of 
the shape of the bodies is considered to assess its importance in the 
preliminary design of a space mission.

The paper is organized as follows. Section 2 provides a detailed 
description of the platform, the bodies involved, their trajectories, 
and the ConOps of the mission. In Section 3, the algorithms imple-
mented are thoroughly described. The results of the optimization and 
for the different propulsion systems are presented in Section 4. Finally, 
conclusions are discussed in Section 5.

2. Background

In this section, the properties of the platform and the minor bodies, 
along with their trajectories, are described. The concept of operations 
for the considered mission is also outlined.

2.1. Minor bodies

Minor bodies with different gravitational constants were selected 
for analysis, including asteroids (99942) Apophis and (101955) Bennu, 
as well as comet 67P/Churyumov–Gerasimenko. These bodies were 
chosen because they represent a range of sizes and gravitational con-
stants, as shown in Table  1. In this work, the selected minor bodies 
have distinct physical properties and characteristics but are assumed 
to follow the same virtual trajectory, similar to that of a Near-Earth 
Asteroid (NEA), whose orbital elements are listed in Table  2. 

The main assumption considered is that the minor body is at its 
minimum distance from the Sun, approximately 0.65 AU, and that 
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Table 2
Minor body trajectory orbital elements.
 a [AU] e [−] i [deg] 𝛺 [deg] 𝜔 [deg] 
 1.47 0.56 6.35 35.5 286  

Fig. 1. Schematic representation of the 6U platform. 𝑛𝑝, 𝑛𝑠𝑝, and 𝑛𝑇  represent the 
normal vectors of the payload, solar panels, and thruster, respectively.

the Earth is positioned along its orbit at the point of minimum dis-
tance from the minor body. This orbital configuration enables testing 
the feasibility of hyperbolic trajectories under the most challenging 
conditions, where SRP and the third-body perturbations 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 considered 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]. Considering the CubeSat 
body-fixed frame, the scientific payload is assumed to point along the 
positive 𝑥-axis, 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 oriented 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 Gaussian noise. 
𝛥𝐫𝐶𝑜𝑀 = 𝑁(0, 𝛥𝑟2𝐶𝑜𝑀,𝑚𝑎𝑥∕9) where 𝛥𝑟𝐶𝑜𝑀,𝑚𝑎𝑥 = 1.5 cm (1)

A CubeSat schematic representation, along with the body reference 
frame, and relevant normal vectors are reported in Fig.  1.

The CubeSat mass 𝑚𝑆𝐶 is 12 kg, including 1 kg of propellant mass 
𝑚𝑝𝑟𝑜𝑝. An equivalent reflectivity coefficient 𝐶𝑟 = 1.24 is considered.

The CubeSat will fly hyperbolic trajectories in the vicinity of the 
minor bodies. Specifically, the minimum distance of the trajectory 
key points from the body center of mass is set to 3𝑅𝑆𝐵 where 𝑅𝑆𝐵
represents the equivalent radius of the body. The maximum distance 
is set to 1.2𝑟𝑆𝑂𝐼 , where 𝑟𝑆𝑂𝐼  is the radius of the Sphere of Influence 
(SOI) of the considered body. 

𝑟𝑆𝑂𝐼 = 𝑟𝐵−𝑆

(

𝑚𝐴
𝑚𝑆

)2∕5
(2)

where 𝑟𝐵−𝑆 is the distance of the minor body from the Sun, and 
𝑚  and 𝑚  (1.9891 × 1030 kg) are the masses of the body and the 
𝐴 𝑆
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Fig. 2. Schematic representation of the spacecraft concept of operations.
Sun, respectively. These limiting distances have been chosen for safety 
reasons to mitigate the risks of impact and escape from the body.

2.3. Concept of operations

The mission concept of operation alternates between phases of small 
body pointing for scientific observations, and slew and firing phases 
required to follow the desired attitude and hyperbolic trajectory.

Firstly, the CubeSat is deployed from a mothercraft in a low-altitude 
orbit. After de-tumbling, the spacecraft aligns with the desired attitude 
for firing. This phase can be referred as commissioning. Our simulations 
begin at this point, assuming that the spacecraft is already aligned to 
the desired attitude configuration.

The CubeSat then starts firing at maximum thrust to achieve in-
jection into a hyperbolic trajectory. During this phase, the control 
actuators must ensure the correct attitude for thrusting, following the 
desired thruster azimuth and elevation angles. Once firing is completed, 
the Attitude Determination and Control System (ADCS) commands the 
spacecraft to switch to minor body pointing mode. A slew maneuver is 
performed to transition from thrusting mode to small body pointing 
mode. After this phase, the spacecraft payload is aligned with the 
small body–spacecraft vector, and the attitude is adjusted to maximize 
incoming solar power by minimizing the angle between the solar panels 
normal and the Sun direction vector. During this phase, the spacecraft 
points toward the small body center of mass to conduct scientific ob-
servations, and the actuators must ensure the correct attitude for both 
small body pointing and solar power maximization. Following this, the 
ADCS commands the spacecraft to switch back to firing mode, and a 
slew maneuver is performed to transition to this mode. Once the thrust 
direction is achieved, the CubeSat starts firing at maximum thrust 
to be injected into the successive hyperbolic trajectory. The control 
actuators must ensure the correct attitude for thrusting. This process 
is repeated until the end of the mission, depending on the available 
onboard propellant and mission requirements. The time allocated for 
performing slew maneuvers has been fixed at 10 min for the analyses. 
A schematic representation of the spacecraft ConOps is show in Fig.  2.

3. Methodology

In this work, we conducted simulations of CubeSat close proxim-
ity operations around minor bodies following hyperbolic trajectories, 
utilizing a variety of commonly used propulsion systems for such 
platforms. The 6-DoF simulations couple attitude dynamics with tra-
jectory design, enabling the assessment of how the spacecraft attitude 
evolution influences the guidance strategy used to target key points 
around the minor body.

3.1. Equations of motion

The dynamical models presented in this work encompass both or-
bital dynamics and attitude dynamics and kinematics, taking into ac-
count the effects of mass evolution due to spacecraft maneuvers.
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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, considering a J2000 inertial frame centered at the minor 
body center of mass, the acceleration experienced by the CubeSat can 
be divided into various contributions, expressed in this frame: 
𝐫̈ = 𝐚𝑏 + 𝐚𝑆𝑅𝑃 + 𝐚3𝑏,𝑠 + 𝐚3𝑏,𝑝 + 𝐚𝑇 (3)

where 𝐚𝑏 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 
𝐚𝑏 = −

𝜇
𝑟3
𝐫 (4)

where 𝜇 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, respectively.

The acceleration due to SRP is denoted as 𝐚𝑆𝑅𝑃 , calculated as the 
sum of the contributions from each CubeSat face illuminated by the 
Sun.

𝐚𝑆𝑅𝑃

=

⎧

⎪

⎨

⎪

⎩

𝐴𝐵𝑁
∑10

𝑖=1
𝑃0
𝑐

(

𝐷𝐴𝑈
𝑟𝐶−𝑆,𝐵

)2
𝐶𝑟𝐴𝑖(−𝐫̂𝐶−𝑆,𝐵 ⋅𝐧𝑖)

𝑚𝑆𝐶
𝐫̂𝐶−𝑆,𝐵 if − 𝐫̂𝐶−𝑆,𝐵 ⋅ 𝐧𝑖 > 0

𝟎 if − 𝐫̂𝐶−𝑆,𝐵 ⋅ 𝐧𝑖 ≤ 0

(5)

where 𝑃0 (1367W∕m2) is the solar flux at 1 AU, 𝑐 is the speed of 
light (2.998 × 108 m∕s), 𝐷𝐴𝑈  is the Sun–Earth distance (1 AU), and 𝐴𝑖
and 𝑛𝑖 are the 𝑖th surface area of the platform and its normal vector, 
respectively. 𝐫𝐶−𝑆 is the position vector of the field point with respect 
to the Sun. The SRP is then computed in the inertial frame by rotating 
its value from the spacecraft body-fixed frame using the rotation matrix 
𝐴𝐵𝑁 .

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

𝐚3𝑏,𝑝𝑏 = (𝜇𝑝𝑏 + 𝜇)
𝐫𝑏−𝑝𝑏
𝑟3𝑏−𝑝𝑏

− 𝜇𝑝𝑏
𝐫𝐶−𝑝𝑏

𝑟3𝐶−𝑝𝑏

(6)

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, 𝜇𝑝𝑏 is the gravitational parameter of the 
perturbing body, while 𝑟𝑏−𝑝𝑏 and 𝑟𝐶−𝑝𝑏 are the position vectors of the 
minor body barycenter and the field point relative to the perturbing 
body, expressed in the minor body inertial frame.

Finally 𝐚𝑇  represents the acceleration due to the spacecraft control 
actions, specifically provided by its main propulsion system. Its value 
can be computed as 

𝐚𝑇 ,𝐵 = −𝐴𝐵𝑁𝑇
𝐧𝑇
𝑚𝑆𝐶

(7)

where 𝑇  is the thrust generated by the spacecraft, and 𝐧𝑇  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 𝐴𝐵𝑁  rotation matrix. The 
attitude profile is expressed in terms of two angles: azimuth 𝐴𝑧 and 
elevation 𝐸𝑙. These angles are parametrized in time as third-order 
polynomial functions [33].

𝐴𝑧(𝑡) = 𝑎 + 𝑎 𝑡 +
𝑎3 𝑡2 +

𝑎4 𝑡3 where 𝐚 = [𝑎 , 𝑎 , 𝑎 , 𝑎 ]𝑇 (8)
1 2 2 6 𝑚 1 2 3 4
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𝐸𝑙(𝑡) = 𝑏1 + 𝑏2𝑡 +
𝑏3
2
𝑡2 +

𝑏4
6
𝑡3 where 𝐛𝑚 = [𝑏1, 𝑏2, 𝑏3, 𝑏4]𝑇 (9)

The firing direction vector 𝐧𝑇 (𝑡) is then computed as 
𝐧𝑇 (𝑡) = [cos𝐴𝑧(𝑡) cos𝐸𝑙(𝑡), sin𝐴𝑧(𝑡) sin𝐸𝑙(𝑡), sin𝐸𝑙(𝑡)]𝑇 (10)

Attitude dynamics and kinematics. The spacecraft attitude, represented 
as a quaternion, is propagated using the spacecraft kinematic equation

𝐪̇ = 1
2
𝛺(𝝎)𝐪 (11)

Where 𝝎 is the spacecraft angular rate, and 𝐪 is the spacecraft attitude 
quaternion, consisting of a vector part 𝑣̄ and a scalar part 𝑠. 

𝐪 =
[

𝑠
𝐯̄

]

; 𝑠 ∈ R1 𝐯̄ ∈ R3; (12)

The matrix 𝛺(𝝎) is defined as: 

𝛺(𝝎) =
[

0 −𝝎𝑇

𝝎 −𝝎×

]

(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. 
𝐽 𝝎̇ = 𝐽𝝎 × 𝝎 + 𝝉 + 𝐮𝑐 (14)

where 𝐽 is the spacecraft inertia matrix, 𝜏 represents the external 
torques acting on the spacecraft, and 𝐮𝑐 denotes the attitude control 
input. The external torque 𝜏 considered is induced by the SRP due to the 
displacement between the spacecraft center of mass and its geometric 
center. Specifically, it is computed as: 

𝜏 = 𝐴𝐵𝑁

10
∑

𝑖=1
𝐟𝑖 × 𝐚𝑆𝑅𝑃 ,𝐵𝑚𝑆𝐶 (15)

where 𝐟𝑖 is the position of the center of the 𝑖th surface relative to the 
spacecraft CoM. While the attitude control consists of two terms, the 
gyroscopic effect feedforward compensation and the control authority 
𝐮𝑎

𝐮𝑐 = 𝝎 × 𝐽𝝎 + 𝐮𝑎 (16)

The control authority is implemented as a proportional–derivative (PD) 
control action, constrained by the maximum torque achievable by 
actuators on a 6U CubeSat.1

𝐮𝑎 = −𝐾𝑑𝛥𝝎 −𝐾𝑝𝛥𝜽 with |𝐮𝑎| < 0.007𝐼Nm (17)

where 𝛥𝝎 and 𝛥𝜽 are the angular velocity and attitude errors, calcu-
lated as the differences between the actual and desired values, and 
𝐼 is the 3 × 3 identity matrix. The gain matrices 𝐾𝑝 and 𝐾𝑑 are 
selected through a trial-and-error approach based on the phase of the 
mission, with different values considered for the firing, cruising, and 
slew phases, as detailed in Table  3. While optimizing the selected gains 
to account for the varying moments of inertia along the spacecraft prin-
cipal 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. 
Mass dynamics. The spacecraft mass shows an evolution only during 
the firing phase, when the thruster is active. During this phase, the mass 
can be propagated using the relation 

𝑚̇ = − 𝑇
𝐼𝑠𝑝𝑔0

(18)

where 𝐼𝑠𝑝 is the spacecraft specific impulse, and 𝑔0 (9.81 m∕s2) is the 
standard gravitational acceleration at Earth’s surface.

1 CD-DEV.PD.CW-01, CubeWheel Gen 2 Product Description, 
Ver.1.01, https://www.cubespace.co.za/uploads/7007f7f5-f682-49d6-94d3-
13d2cf3c5a93.pdf, Last accessed: December 20, 2024.
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Table 3
Attitude control gains for the different simulation phases.
 Mission phase 𝐾𝑝 [Nm] 𝐾𝑑 [Nms]  
 Cruising 3 × 10−4𝐼 1 × 10−2𝐼  
 Firing 30𝐼 7 × 10−2𝐼  
 Slew 3 × 10−3𝐼 7.75 × 10−2𝐼 

3.2. Statement of the problem

The final objective of this work is to assess the feasibility of hy-
perbolic trajectories close to minor bodies by minimizing the amount 
of propellant consumed along the trajectory. To achieve this, an op-
timization problem is formulated as a Nonlinear Programming (NLP) 
problem. The vector of optimization variables 𝐲 is as follows 
𝐲 = [𝑇1, 𝑇2, 𝛥𝑡1, 𝛥𝑡12, 𝛥𝑡

2
2, 𝐚

1
𝑚, 𝐛

1
𝑚, 𝐚

2
𝑚, 𝐛

2
𝑚, 𝐱𝑘, 𝑚𝑓 ]𝑇 (19)

where 𝑇1 and 𝑇2 are the time instants of the second and third key 
points, respectively, 𝛥𝑡1, 𝛥𝑡12, and 𝛥𝑡22 are the time durations of the first 
and second firings. It is important to note that the second maneuver 
is divided in two intervals, centered at 𝑇1, to allow the optimizer to 
achieve an asymmetric firing before and after the second key point. 
As described in Eq. (9), 𝐚1𝑚, 𝐛1𝑚, 𝐚2𝑚, and 𝐛2𝑚 are the vectors of cubic 
polynomial coefficients describing the evolution 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 indicated as 𝐱𝑘, and 𝑚𝑓  is the final mass of the spacecraft.

The objective function 𝑓 (𝐲), as mentioned above, is given by 
𝑓 (𝐲) = −𝑚𝑓 (20)

Minimizing the negative of the final mass 𝑚𝑓  is equivalent to maximiz-
ing the final spacecraft mass, thereby minimizing propellant consump-
tion.

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 simula-
tion and the first key point of the hyperbolic trajectory, respectively. 
The attitude is also constrained throughout the entire duration of the 
simulation to follow a desired attitude profile. These conditions can be 
summarized as
𝑡0 = 𝑡∗0 (21)

𝐱0 = 𝐱∗0 (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 3.3.

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) ∈ 𝐶1 (24)

𝐫(𝑇2) ∈ 𝐶2 (25)

𝑒(𝑇2) > 1.2 (26)

where 𝐶1 and 𝐶2 represent two cubic regions, the extent of which 
depends on the distance of the key points from the minor body. 
Specifically, the size of their edges is equal to 
𝑙 = 0.10𝑑 (27)
𝐶 𝑆𝐶−𝑆𝐵

https://www.cubespace.co.za/uploads/7007f7f5-f682-49d6-94d3-13d2cf3c5a93.pdf
https://www.cubespace.co.za/uploads/7007f7f5-f682-49d6-94d3-13d2cf3c5a93.pdf
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Fig. 3. Schematic representation of the hyperbolic trajectory considered along with some relevant parameters.
These regions have been assumed to be cubic to simplify the definition 
of constraints in the optimization. The nonlinear equality constraints 
depend on the multiple shooting algorithm [34] that has been imple-
mented. Their goal is to minimize the position and velocity defects at 
each multiple shooting point and can be expressed as 
𝐱(𝑡) = 𝜙(𝐱𝑘, 𝑡𝑘, 𝑡𝑘+1) 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, corresponding to a 
value of 0.5 s.

Finally, the NLP problem can be formulated as follows

min
𝐲

𝑓 (𝐲) s.t.

⎧

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎩

𝑡0 = 𝑡∗0
𝐱0 = 𝐱∗0
𝐪(𝑡) = 𝐪∗(𝑡)
𝐫(𝑇1) ∈ 𝐶1

𝐫(𝑇2) ∈ 𝐶2

𝑒(𝑇2) > 1.2
𝐱(𝑡) = 𝜙(𝐱𝐤, 𝑡𝑘, 𝑡𝑘+1) with 𝑘 = 0,… , 𝑚 − 1

(29)

𝛥𝑡1 ∈ [0.50, ∞] (30)

𝛥𝑡12 ∈ [0.25, ∞] (31)

𝛥𝑡22 ∈ [0.25, ∞] (32)

A schematic trajectory with all the important parameters is shown in 
Fig.  3.

3.3. First guess generation

The first guess for the optimization problem is constructed 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 Lambert problem [35] is solved to determine 
the 𝛥𝑣𝐿𝑎𝑚𝑏𝑒𝑟𝑡 required 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 trajectory eccentricity is 
equal to 1.2.

The second step involves incorporating all the perturbations present 
in the considered dynamical environment, as shown in Eq. (3). A simple 
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shooting method is then applied 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 𝛥𝑣𝑠𝑠 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. 

𝛥𝑡𝑓𝑖𝑟𝑖𝑛𝑔 =
𝑚𝑆𝐶𝛥𝑣𝑠𝑠

𝑇
(33)

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 𝛾. 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 rotation 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). 

𝐴𝑃𝑀
𝐵 =

⎡

⎢

⎢

⎢

⎣

𝑖 = −𝑟̂
𝑗 = 𝑘̂×𝑖

‖𝑘̂×𝑖‖

𝑘̂ = 𝑟̂×𝑟̂𝐶−𝑆,𝐵
‖𝑟̂×𝑟̂𝐶−𝑆,𝐵‖

⎤

⎥

⎥

⎥

⎦

𝑇

(34)

In the specific case where the unit vectors 𝑟̂ and 𝑟̂𝐶−𝑆,𝐵 are aligned, the 
rotation matrix is reinitialized to match that of the previous time step. 
However, it must be remarked that this condition did not arise in any 
of the simulations performed.

The desired quaternion representation can then be computed easily. 
In this phase, the desired angular velocity is also determined. The 
angular velocity in the local vertical local horizontal (LVLH) frame is 
computed considering a magnitude of 𝜔 = 𝑣∕𝑟 and a direction aligned 
and opposite to the orbital angular momentum vector. The rotation 
matrix from the body frame to the LVLH frame is given by 

𝐴𝐿𝑉 𝐿𝐻
𝐵 =

⎡

⎢

⎢

⎢

𝑖 = −𝑟̂
𝑗 = 𝑘̂×𝑖

‖𝑘̂×𝑖‖
̂ 𝑟̂×𝑣̂

⎤

⎥

⎥

⎥

𝑇

(35)
⎣

𝑘 = −
‖𝑟̂×𝑣̂‖ ⎦
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Fig. 4. Propulsion system review for miniaturized platforms [36].
The rotation matrix from LVLH to the PM frame is defined as 

𝐴𝑃𝑀
𝐿𝑉 𝐿𝐻 = 𝐴𝑃𝑀

𝐵 [𝐴𝐿𝑉 𝐿𝐻
𝐵 ]𝑇 (36)

this can then be used to compute the angular velocity in the desired 
reference frame.

For the slew phase, an eigenaxis rotation slew maneuver is consid-
ered, which is a controlled rest-to-rest motion between two attitudes. 
The final desired attitude is either the firing mode or the minor body 
pointing mode, and the desired angular velocity is set to the null vector.

The orthonormality of all the computed rotation matrices is ensured 
by verifying that 

[𝐴𝑗
𝑖 ]
𝑇𝐴𝑗

𝑖 = 𝐼 (37)

3.4. Propulsion systems selection

There is a wide spectrum of miniaturized propulsion systems tai-
lored for CubeSats. Three broad categories can be distinguished: chem-
ical, kinetic, and electrical [36]. 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 systems, while kinetic 
propulsion includes cold gas and resistojet systems. Regarding the 
resistojet, it is important to consider the amount of power available 
to the propulsion system. Assuming 100W as the power available 
for the subsystem, the average Thrust-to-Power ratio required for the 
specific technology can be computed from Fig.  4(b). Consequently, the 
maximum thrust achievable with these systems, given the available 
power, can be determined. Specifically, for the resistojet, the maximum 
thrust achievable is 150mN. The other propulsion systems considered 
are not significantly affected by the incoming power and for this reason 
a maximum thrust of 1N is assumed to be a plausible value for minia-
turized platforms like CubeSats. The range of specific impulses has been 
computed from the range of thrusts shown in Fig.  4(a). However, to 
simplify the search space, the specific impulse has been fixed at the 
maximum value within the computed range.

The properties of the propulsion systems considered in this work are 
reported in Table  4. 

3.5. Analyses performed

Two analyses were conducted to test the performance and robust-
ness of propulsion systems in the proximity of minor bodies.
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Table 4
Selected propulsion systems properties.
 Propulsion system 𝑇𝑟𝑎𝑛𝑔𝑒 [mN] 𝑇𝑎𝑣𝑒𝑟𝑎𝑔𝑒 [mN] 𝐼𝑠𝑝,𝑟𝑎𝑛𝑔𝑒 [s] 𝐼𝑠𝑝 [s] 
 Bipropellant 100–1000 550 250–350 350  
 Monopropellant 20–1000 510 150–250 250  
 Cold gas 5–200 102.5 40–80 80  
 Resistojet 0.5–150 75.25 20–150 150  

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

𝐷𝑘𝑝 =
𝐷𝑚𝑖𝑛 +𝐷𝑚𝑎𝑥

2
(38)

The analysis was carried out considering the different propulsion sys-
tems, spanning the range of thrusts, to assess the feasibility of the 
trajectory and the minimum possible thrust required to fly these arcs.

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 𝐷𝑚𝑖𝑛 to 
𝐷𝑚𝑎𝑥. Specifically, ten different trajectories were considered for this 
analysis.

3.6. Performance metrics

It is required to define some metrics to assess the performance of the 
propulsion systems and control methods employed in our simulations. 
Four metrics have been defined, 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 observations can be conducted. The condition 
that must be satisfied is 

𝛾̂(𝑡) ⋅ −𝑟̂(𝑡) ≥ 1 + 𝜖 (39)

where 𝜖 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 =
𝑛
∑

𝑘=0
𝐻[(𝛾̂(𝑡) ⋅ −𝑟̂(𝑡)) − (1 + 𝜖)](𝑡𝑘+1 − 𝑡𝑘) (40)

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

𝜂𝑜𝑏𝑠 =
𝑇𝑜𝑏𝑠 ⋅ 100 (41)

𝑇2
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• Firing time. This metric is the total firing time during the mission 
and can be computed as 
𝛥𝑡𝑓𝑖𝑟𝑖𝑛𝑔 = 𝛥𝑡1 + 𝛥𝑡12 + 𝛥𝑡22

⏟⏞⏞⏟⏞⏞⏟
𝛥𝑡2

(42)

• Percentage of propellant consumed. The consumed mass of 
propellant can be computed from the firing time 𝛥𝑡𝑓𝑖𝑟𝑖𝑛𝑔 as 

𝑚𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑 = 𝑇
𝐼𝑠𝑝𝑔0

𝛥𝑡𝑓𝑖𝑟𝑖𝑛𝑔 (43)

Consequently, the percentage of propellant consumed is 

𝑚𝑝 =
𝑚𝑐𝑜𝑛𝑠𝑢𝑚𝑒𝑑
𝑚𝑝𝑟𝑜𝑝

⋅ 100 (44)

• Pointing accuracy. This metric is used to assess the performance 
of the attitude control system. It is specifically evaluated during 
the minor body pointing phase, when precise pointing of the 
payload toward the minor body is required. The pointing accuracy 
𝛿𝑝𝑜𝑖𝑛𝑡 is computed from the attitude error expressed in terms of 
quaternions. 

𝛥𝐪(𝑡) =
[

𝛥𝐪𝑠(𝑡)
𝛥𝐪𝑣(𝑡)

]

= 𝐪(𝑡)⊗ 𝐪𝑑 (𝑡) (45)

where ⊗ represents the quaternion product, 𝐪 is the true space-
craft attitude, and 𝐪𝑑 is the desired quaternion at time 𝑡. The 
pointing accuracy is then determined as the norm of the vector 
part of the quaternion error. 
𝛿𝑝𝑜𝑖𝑛𝑡 = max ‖𝛥𝐪𝑣‖ (46)

4. Results

In this section, simulation results of the optimization algorithm are 
presented to demonstrate that all propulsion systems are compatible 
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with miniaturized platforms such as CubeSats. Additionally, numerical 
results from the analyses of variable thrust and variable distance are 
provided for the three bodies considered. A final comparison and the 
effects of high-fidelity gravitational models are also presented.

4.1. Optimization

Since numerous simulations were conducted with various bodies, 
propulsion systems, and orbital distances, only one representative case 
will be described to illustrate the optimization results. The findings for 
other cases showed no significant deviations in trends across various 
bodies, distances, and thrust levels. In this representative scenario, 
the minor body considered is (99942) Apophis, and the platform is 
equipped with a cold gas thruster producing a thrust of 8mN. The 
trajectory analyzed corresponds to the one at average distance.

The final trajectory, along with the attitude profile and the impul-
sive thrust directions of the initial guess, is shown in Fig.  5(a). Fig.  5(b) 
illustrates the propellant mass evolution throughout the simulation. It 
is evident that the mass decreases only during thrust firings. The firing 
attitude profile is calculated to ensure that all optimization constraints 
are satisfied while maximizing the final spacecraft mass. The duration 
of the maneuvers plays a crucial role in the evolution of the attitude. 
For impulsive technologies, this time interval is reduced to just a 
few seconds, leading to a nearly constant attitude during firing. Two 
examples of attitude angles for the minimum and maximum thrust 
levels considered for a cold gas thruster are shown in Fig.  6.

The evolution of key spacecraft parameters along the trajectory is 
presented in Figs.  7 and 8. These figures include inset plots highlight-
ing the slew and firing phases, where parameter variations are more 
pronounced compared to nominal operation phases (e.g., minor body 
pointing).

To validate the spacecraft attitude control performance, Fig.  7 illus-
trates the attitude and angular velocity errors relative to the desired 
values.
Fig. 5. (a) Optimized spacecraft orbital and attitude profiles, and (b) mass evolution throughout the simulation.
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Fig. 6. Spacecraft attitude profile in terms of azimuth and elevation for (a) an 8mN cold gas thruster and (b) a 200mN cold gas thruster.
Fig. 7. Spacecraft (a) attitude and (b) angular velocity errors throughout the simulation. The inset plots, show the components evolution during firing and slew phases.
Fig. 8. (a) Actuators control action (b) and spacecraft angular velocity throughout the duration of the simulation. The inset plots show the components evolution during firing 
and slew phases.
The attitude error is calculated as the angular deviation along each 
spacecraft axis, obtained by converting the quaternion representation to 
angular coordinates. From the plots, it is evident that the largest errors 
occur during slew maneuvers, with maximum angular and angular 
velocity errors of 60 deg and 1 deg/s, respectively. Both images also 
indicate that the attitude control settling time remains below 500 s, 
which is well within the 10min time slot allocated for slew maneuvers.

Additionally, the control torque is constrained by technological 
limitations to 0.007Nm per axis. Fig.  8(a) shows that the maximum 
control action consistently remains below this threshold, with slight 
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peaks observed during slew phases, while Fig.  8(b) shows the angular 
velocity evolution.

4.2. Variable thrust

The variable thrust analysis was conducted for the three bodies 
under consideration. While the firing time exhibits a clear trend as 
thrust values increase, the other metrics remain largely consistent 
across the range of thrust values. For this reason, the firing time trends 
are graphically illustrated in Figs.  9, 10, and 11 for (99942) Apophis, 
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Fig. 9. Variable thrust analysis for asteroid (99942) Apophis considering different propulsion systems, namely (a) bipropellant, (b) monopropellant, (c) cold gas, and (d) resistojet.
Table 5
Maximum and minimum performance metrics for variable thrust analysis of asteroid 
(99942) Apophis.
 Thruster 𝜂max𝑜𝑏𝑠 [%] 𝜂min𝑜𝑏𝑠 [%] 𝑚max𝑝 [%] 𝑚min𝑝 [%] 𝛿max𝑝𝑜𝑖𝑛𝑡 [deg] 𝛿min𝑝𝑜𝑖𝑛𝑡 [deg] 
 Bipropellant 95.73 95.69 0.0603 0.0597 0.4990 0.4847  
 Monopropellant 95.73 95.50 0.0836 0.0831 0.5075 0.4994  
 Cold gas 95.85 95.15 0.2651 0.2401 0.4904 0.4583  
 Resistojet 95.71 95.15 0.1408 0.1333 0.4850 0.4716  

Table 6
Maximum and minimum performance metrics for variable thrust analysis of asteroid 
(101955) Bennu.
 Thruster 𝜂max𝑜𝑏𝑠 [%] 𝜂min𝑜𝑏𝑠 [%] 𝑚max𝑝 [%] 𝑚min𝑝 [%] 𝛿max𝑝𝑜𝑖𝑛𝑡 [deg] 𝛿min𝑝𝑜𝑖𝑛𝑡 [deg] 
 Bipropellant 96.17 96.13 0.0691 0.0685 0.4418 0.4317  
 Monopropellant 96.17 95.96 0.0972 0.0965 0.4359 0.4279  
 Cold gas 96.26 95.69 0.2972 0.2725 0.4465 0.4200  
 Resistojet 96.25 95.70 0.1593 0.1456 0.4510 0.4211  

(101955) Bennu, and 67P/Churyumov–Gerasimenko, respectively. Ad-
ditionally, the maximum and minimum values of the other metrics for 
the different thrusters are summarized in Tables  5, 6, and 7.

As expected, the firing time decreases monotonically with increas-
ing thrust values. However, certain thrust values do not allow for 
feasible hyperbolic trajectories; these cases are indicated by a gray area 
in the figures. Despite the varying firing times for the analyzed bodies, 
the minimum thrust value required for feasible trajectories differs. 
Specifically, it is 8mN for (99942) Apophis, 10mN for (101955) Bennu, 
and 60mN for comet 67P/Churyumov–Gerasimenko. This topic will be 
discussed further in Section 4.4.
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Table 7
Maximum and minimum performance metrics for variable thrust analysis of comet 
67P/Churyumov–Gerasimenko.
 Thruster 𝜂max𝑜𝑏𝑠 [%] 𝜂min𝑜𝑏𝑠 [%] 𝑚max𝑝 [%] 𝑚min𝑝 [%] 𝛿max𝑝𝑜𝑖𝑛𝑡 [deg] 𝛿min𝑝𝑜𝑖𝑛𝑡 [deg] 
 Bipropellant 97.69 97.52 0.3053 0.2777 0.2863 0.2672  
 Monopropellant 97.71 97.46 0.4295 0.3860 0.2778 0.2575  
 Cold gas 97.67 97.47 1.2163 1.1879 0.2656 0.2562  
 Resistojet 97.65 97.54 0.6633 0.6440 0.2668 0.2548  

4.3. Variable distance

The same bodies are analyzed with trajectories at varying distances 
from the body surface. The observation time percentage, firing time, 
propellant consumption, and pointing accuracy are reported for each 
propulsion system, with thrust held constant and equal to the average 
value.

As the distance from the minor body increases, the observation time 
percentage increases consistently across all propulsion systems.

In contrast, the firing time decreases with increasing distance, with 
the effect being more significant for technologies with lower thrust. As 
a result, the resistojet exhibits the highest firing times at all distances, 
while the bipropellant 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 trajectory evolves more 
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Fig. 10. Variable thrust analysis for asteroid (101955) Bennu considering different propulsion systems, namely (a) bipropellant, (b) monopropellant, (c) cold gas, and (d) resistojet.
slowly at greater distances, enabling actuators to control and track the 
desired attitude profile more effectively (see Figs.  12–14).

4.4. Comparison

This section discusses the different bodies considered in the anal-
yses. By examining an increasing value of the gravitational constant, 
several conclusions can be drawn. Using the methodology employed in 
this work, it is evident that as the gravitational constant of the body in-
creases, the minimum thrust required to allow feasible trajectories also 
increases. This behavior can be attributed to the stronger gravitational 
field, which requires higher thrust to overcome the gravitational pull 
and maintain a hyperbolic trajectory.

Similarly, the observation time percentage, firing time, and pro-
pellant consumption percentage also show an increasing trend as the 
gravitational constant increases. This is because a stronger gravitational 
field demands more control effort and propellant usage to maintain the 
desired trajectory.

In contrast, pointing accuracy is the only parameter that decreases 
with an increasing gravitational constant. This reduction can be at-
tributed to the slower evolution of the trajectory under a stronger 
gravity field, which makes it easier for the actuators to maintain precise 
attitude control.

4.5. Effect of high-fidelity gravitational model

All the analyses presented in this work were performed considering 
a point mass gravity field. This section provides evidence that the body 
shape does not significantly influence the outcomes of the study. From 
the variable distance analysis, the orbits at the minimum distance, 
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Table 8
Differences in performance metrics between the point mass and Mascon models.
 Body 𝛥𝑡𝑓 [s] 𝛥𝜂𝑜𝑏𝑠 [%] 𝛥𝑚𝑝 [%] 𝛥𝛿𝑝𝑜𝑖𝑛𝑡 [deg] 
 (99942) Apophis 0.4693 0.0049 0.0024 0.0059  
 67P/Churyumov–Gerasimenko 1.9902 0.1928 0.0446 0.0174  

specifically 3𝑅𝑆𝐵 , were re-optimized considering the shape of the bod-
ies. The choice on the low altitude trajectories was made because the 
body shape is most influential in this scenario. The irregular gravity 
field was modeled using the Mascon model: 

𝐚𝑏 = 𝐴𝑆𝐵
𝐵𝑁

𝑛
∑

𝑖=1
−
𝜇𝑖
𝑟3𝑖

𝐫𝑖 (47)

where 𝑟𝑖 is the distance between the center of mass of the 𝑖th tetrahe-
dron and the spacecraft position in the asteroid body-fixed frame, and 
𝐴𝑆𝐵
𝐵𝑁  is the rotation matrix from the small body body-fixed frame to the 

inertial frame, assuming the body rotates around its 𝑧-axis.
Two solutions are presented: the first for asteroid (99942) Apophis 

with a resistojet propulsion system, and the second for comet 67P/
Churyumov–Gerasimenko with a bipropellant propulsion system. Both 
solutions use the average thrust values within the thruster ranges 
considered. The absolute differences between the performance metrics 
for the point mass and Mascon models are summarized in Table  8. As 
shown in the table, the differences are not particularly significant for 
mission design purposes. However, the discrepancies are slightly larger 
for 67P/Churyumov–Gerasimenko due to its highly irregular shape and 
stronger gravitational field. Figs.  15 and 16 illustrate the trajectories for 
both optimizations and the distance 𝛥𝑟 between the two. 
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Fig. 11. Variable thrust analysis for comet 67P/Churyumov–Gerasimenko considering different propulsion systems, namely (a) bipropellant, (b) monopropellant, (c) cold gas, and 
(d) resistojet.

Fig. 12. Variable distance analysis for asteroid (99942) Apophis, showing performance metrics: (a) observation time percentage, (b) firing duration, (c) propellant consumption, 
and (d) pointing accuracy for the four propulsion systems evaluated.
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Fig. 13. Variable distance analysis for asteroid (101955) Bennu, showing performance metrics: (a) observation time percentage, (b) firing duration, (c) propellant consumption, 
and (d) pointing accuracy for the four propulsion systems evaluated.

Fig. 14. Variable distance analysis for comet 67P/Churyumov–Gerasimenko, showing performance metrics: (a) observation time percentage, (b) firing duration, (c) propellant 
consumption, and (d) pointing accuracy for the four propulsion systems evaluated.
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Fig. 15. Optimized trajectory using the Mascon model at a distance of 3𝑅𝑆𝐵 with a resistojet propulsion system providing 75.25 mN thrust for asteroid (99942) Apophis. (a) 3D 
plot and (b) distance between the trajectories obtained with the two gravity models.
Fig. 16. Optimized trajectory using the Mascon model at a distance of 3𝑅𝑆𝐵 with a bipropellant propulsion system providing 550 mN thrust for comet 67P/Churyumov–Gerasimenko. 
(a) 3D plot and (b) distance between the trajectories obtained with the two gravity models.
5. Conclusion

A 6-DoF optimization problem was solved to evaluate the feasibility 
of flying hyperbolic arcs in the proximity minor bodies, considering 
various propulsion systems and body properties.

The analysis highlights key considerations for selecting propulsion 
systems for hyperbolic arcs near minor bodies. With a minimum feasi-
ble thrust of 8mN, electric propulsion is unsuitable for such trajectories. 
Additionally, not all thrust ranges of cold gas and resistojet systems 
are viable, as their feasibility is strongly influenced by the gravita-
tional constant of the minor body. For any chosen propulsion system, 
increasing thrust leads to a reduction in firing time, while observation 
time, propellant consumption, and pointing accuracy remain relatively 
constant. Furthermore, increasing the distance from the minor body 
reduces firing time, allowing for longer observation periods and de-
creasing propellant consumption. This also improves pointing accuracy 
due to the slower evolution of the trajectory. The effects of high-fidelity 
gravitational models have been assessed, demonstrating that they are 
not significant for preliminary mission design.

In summary, this work provides insights for selecting propulsion 
systems for hyperbolic trajectories near minor bodies, assisting mission 
designers in the preliminary estimation of mission performance and 
costs.
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