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Abstract

On April 13 2029, the near-Earth asteroid (99942) Apophis will perform a close flyby within a distance of 32,000 km of
Earth’s surface. This event, which is 10 times closer than the Moon and closer than many geostationary communication
satellites, offers an unprecedented opportunity to study an asteroid in great detail. To leverage this close encounter,
a fast sample return mission, APOSSUM, was designed using ESA’s current RAMSES mission as a use case. This
paper presents a detailed analysis of the APOSSUM mission scenario, focusing on feasibility. It covers the separation of
the APOSSUM probe, its cruise toward Apophis, and the subsequent landing and return phases. Particular emphasis
is placed on the landing scenario, with studies of different density models of Apophis and a comparison of control
techniques for precision landing. The findings from this mission will significantly advance understanding of small-body
landing maneuvers.
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∆V : Change in velocity
AEM: Asteroid Exploration Mission
APOSSUM: APOphiS SUrfaces saMpler
AU: Astronomical Unit
CE: Concurrent Engineering
CM: Center of Mass
DART: Double Asteroid Redirect Test
DLR: German Aerospace Center
ESA: European Space Agency
FPA: Flight Path Angle
G: Gravitational Constant
GM: Standard Gravitational Parameter
GNC: Guidance, Navigation, and Control
HERA: ESA Planetary Defense Mission
JAXA: Japan Aerospace Exploration Agency
LEO: Low Earth Orbit
NASA: National Aeronautics and Space Administration
NEO: Near-Earth Object
PD: Proportional-Derivative Control
RAMSES: Rapid Apophis Mission for Space Safety
RK45: Runge-Kutta Method (Order 4-5)
SPH: Spherical Harmonics
SRP: Solar Radiation Pressure
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1. Introduction

Asteroids are essential for understanding the solar sys-
tem from its emerging stages. They are remains of early
solar system stages and give valuable clues about the ba-
sic building blocks that made up a planet or other objects
in the solar system. Asteroids are like time capsules, as
they hold conditions from 4.5 billion years ago [1]. Most
asteroids are located in the Main Belt and the Kuiper Belt.

In the recent past years they have gained significant
relevance in the scientific community driven by the infor-
mation these objects hide in their (sub-) surfaces to un-
derstand the building blocks of planets. This information
includes not only their composition and formation pro-
cesses but also potential clues about the origins of life on
Earth, as some essential elements for life may have been
given by asteroids [2]. This theory is supported by the re-
sults of JAXA’s Hayabusa2 mission to asteroid Ryugu [3],
[4] and NASA’s OSIRIS-REx to asteroid Bennu [5], [6].

Furthermore, studying asteroids can help develop strate-
gies to change their trajectories, thus preventing potential
collisions with Earth [7]. The current double mission for
planetary defense, DART (Double Asteroid Redirect Test)
of NASA [8] and HERA of ESA [9] have these objectives.
The DART spacecraft has successfully impacted on Didi-
morphos, the moonlet of the asteroid binary system Didy-
mos, and was able to change its trajectory setting a step
towards a future in which humans are able to deviate as-
teroids and avoid collisions [10].

ESA is currently planning a direct successor mission to
Hera, the RAMSES mission [11] to be launched in 2028
targeting the near-Earth asteroid (99942) Apophis. This
asteroid will encounter Earth in 2029, passing at a dis-
tance closer than geostationary orbit at its closest point
(= 32,000 km). In this context, the Max Planck Insti-
tute for Solar System Research (MPS), together with the
German Aerospace Centre (DLR) and the University of
Münster, conducted a study on returning asteroid samples
from Apophis, the APOphiS SUrfaces saMpler (APOS-
SUM), using the extremely short return distance to Earth
[12]. ESA’s RAMSES mission was used in the study as a
mission-architectural use case, i.e. the APOSSUM probe
should be launched piggybacked with RAMSES as the car-
rier spacecraft. Thus, all components were adapted to the
launcher and to RAMSES to perform the sample recol-
lection and return. In addition to expanding the exist-
ing dataset of extraterrestrial materials captured in-situ
such as from the Hayabusa, the Hayabusa2 [4] and the
OSIRIS-REx missions [6], and thereby increasing our sci-
entific knowledge of asteroids, APOSSUM also aims to ex-
plore new technological frontiers in spacecraft navigation,
guidance and landing techniques [13].

Previous studies have investigated the dynamics and
operation of a spacecraft in the proximity of an asteroid
[14]. In this paper we will will present different landing
scenarios of the APOSSUM probe on Apophis by taking
into account two different density scenarios for the aster-

oid. There are different methods to model the gravita-
tion around an asteroid based on its density distributions.
[15] for example employ finite element methods to esti-
mate internal density variations and gravitational fields of
small bodies. This study utilizes spherical harmonics and
the tetrahedral approach to model Apophis’s gravitational
potential, specifically to optimize landing maneuvers and
develop control techniques tailored to the APOSSUM mis-
sion.

2. APOSSUM Mission Overview

The main mission goal of APOSSUM is collecting sam-
ples from Apophis’ surface and bring them back to Earth.
The mission is divided in 3 distinct phases. The first one
(”Separation and Approach”) deals with the detachment
of the APOSSUM probe from the RAMSES spacecraft at
a distance of 20 km from Apophis and its flight to the as-
teroid up to a distance of 1 km. This phase was studied
using spherical harmonics and a constant density for the
model of Apophis. As will be discussed in further sections,
it is a good approximation since the size is insufficient to
cause relevant perturbations at those great distances. The
results will be presented in the later sections.
The second phase (”landing”) covers approaching the as-
teroid from 1 km above the surface to a target point. For
this paper, the target point was selected randomly since
there are currently no detailed information on the com-
position of Apophis’ surface for dedicated sampling and
therefore a random location is used to investigate the con-
trol techniques and scenario. This is in accordance with
the mission and scientific requirement of APOSSUM that
the landing spot will be selected upon arrival. Building
upon the orbital dynamic models discussed in [14], our
analysis incorporates those perturbations in the landing
model but extending them using other shape and density.
As Apophis’s density and shape are critical to the final
approach phase, as outlined in [16], [17], we have ana-
lyzed several scenarios to determine the variability of the
final approach phase and draw conclusions for navigation
during this phase. For this phase, we used Python (specif-
ically using the following libraries :open3d, to open the
asteroid model and load the mesh, numpy, for the com-
putations and matplotlib.pyplot, to have a plot style sim-
ilar to MATLAB [18]) and all the solutions were derived
through numerical methods. Different approaches are sim-
ulated and compared to provide a detailed assessment of
their viability and performance.
Finally, a third phase (”Earth Return”) is shown, it in-
volves the return of the APOSSUM lander to a desig-
nated landing location on Earth. In this phase, STK is
used, assuming an ellipsoid of constant density, since the
time it stays in the sphere of influence is short and the
main perturbations come from SRP (Solar Radiation Pres-
sure), Luni-solar gravitational effects, and nonsphericity of
Earth. The APOSSUM lander will depart from the sur-
face of the asteroid and land in Woomera (Australia),this
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is exemplary landing location for this study, similar to the
return of the Hayabusa2 samples [4], The landing loca-
tion was selected because APOSSUM would land on the
opposite side of Earth relative to Apophis during the clos-
est approach. This requirement allows telescopes in other
parts of the world to continuously monitor the trajectory
of the Apophis asteroid and study it during the closest
approach.

Figure 1: APOSSUM mission scenario. The figure illustrates all
three phases as described in the document. Note that it is not to
scale and uses a generic asteroid image to represent Apophis.

Figure 1 illustrates all three phases as described above.
It should be noted that it is not to scale. Furthermore, it
has been created with a generic asteroid image represent-
ing the asteroid.

3. Model Used and its characteristics

Operations at close range, especially when touching or
landing on an asteroid’s surface depend strongly on the
gravity field of the target object. Most dynamic analy-
ses of the approach to an asteroid primarily use spherical
harmonics or ellipsoidal harmonics to model the gravity of
this small body, as described in the previous section. How-
ever, once the operation passes the circumscribing sphere
(Brillouin sphere) [15], i.e. in the case of touching the as-
teroid for sampling, the gravitational field will diverge due
to the irregular shape and varying density distribution of
the asteroid.
For our analysis of landing maneuvers, we have used the
Apophis data obtained by NASA radar observations in
2013 which led to the tetrahedral shape used of the aster-
oid [19] and [20], as presented in Figure 2.

We have chosen this method for modelling the shape of
the asteroid, taking into account that there is no case stud-
ied in which that amount of vertex and shapes are found
to represent Apophis shape. However, this shape model
allows us to include different densities and to investigate
the dependence of the approach and landing manoeuvres
of the APOSSUM probe.

The shape model of Apophis [21] was re-constructed
using MeshLab, an open-source, purpose-built tool for pro-
cessing and editing unstructured 3D triangular meshes to
enable detailed simulation and analysis [22]. The first
step was rescaling the reconstructed model in line with

the asteroid’s known physical dimensions, see Table 1, so
the simulations would be in line with real-case scenarios
for the APOSSUM mission. This rescaled mesh serves as
the foundational geometric model for further gravitational
and landing dynamics simulations. For the bulk density

Variable Value [m]

x axis 450
y axis 370
z axis 170

Table 1: Dimensions of the asteroid Apophis [23]

of Apophis, we have adopted for our simulation densities
between 1.29 - 3.5 g/cm3 based on the assessment of [16].
To model the interaction of the APOSSUM probe with
the asteroid, we will use different density models. For the
”Separation and Approach” phase, we will assume that
Apophis has a constant density. For the landing phase, we
will model Apophis with varying density distribution since
gravitational attraction will diverge within the Brillouin
sphere and therefore its influence on the close approach
and landing trajectory, finally for the return phase, the
asteroid will be approximated as an ellipsoid with con-
stant density and the main perturbations will come from
the lunisolar gravitational attraction, SRP and the non-
sphericity of Earth.

The trajectories in this manuscript are generated in
an asteroid-fixed coordinate system. This choice allows
for accurate modeling of the gravitational field, rotational
dynamics, and the relative motion of the lander with re-
spect to Apophis. The asteroid-fixed system is essential
for simulations involving trajectory corrections and land-
ing maneuvers, as it captures the local gravitational and
rotational effects that influence the spacecraft’s approach
and stability during touchdown.

4. Phase 1: Separation and Approach to Apophis

As mentioned in section 2, the APOSSUM probe will
be separated from the RAMSES spacecraft at a 20 km
distance. As explained for this phase, we used Spherical
Harmonics for trajectory determination and described the
gravitational field of Apophis, assuming a bulk density of
roughly 3.2 g/cm3 which corresponds to a mass of 6.1·1010
kg. For this first phase and due to the order of magnitude
of the distances towards the asteroid, SPH is more suitable
because it is more efficient and the detail given by the al-
ternative method used in this study (tetrahedral method)
is not needed. Surely, given its size and properties, it is
unlikely that Apophis is composed of a single composition,
and thus a constant density.

4.1. Spherical Harmonics for Gravitational Field Repre-
sentation

The spherical harmonics are composed of series of or-
thogonal functions defined on the surface of the sphere
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Figure 2: Apophis shape of the tetrahedral model [19] [20]

to solve problems which involve Laplace´s equations in
Spherical coordinates. They are used to compute the im-
perfections of an object and to model it. This approach is
convenient from the computational point of view but also
from the analytical one since they are able to provide re-
sults in a short period of time, while keeping the accuracy
in them [24].

Y m
n (θ, ϕ) =

√
(2n+ 1)(n−m)!

4π(n+m)!
Pm
n (cos θ)eimϕ

Here, Pm
n are the associated Legendre polynomials, and

eimϕ represents the complex exponential function, essen-
tial for incorporating azimuthal symmetry [24].

V (r, θ, ϕ) = −GM

r

(
1 +

∞∑
n=1

(
R

r

)n n∑
m=0

Pm
n (cos θ)

· (Cnm cosmϕ+ Snm sinmϕ)) (1)

where:

• r is the radial distance,

• θ and ϕ are the polar and azimuthal angles, respec-
tively,

• G is the gravitational constant,

• M is the total mass of the object,

• R is the reference radius of the object which is 185m
[16],

• Cnm, Snm are the coefficients of the spherical har-
monic terms,

• Y m
n (θ, ϕ) are the spherical harmonic functions

Thus, the real and imaginary coefficients for the har-
monic terms are computed as follows:

Cnm =
∑
i

Areai · Re(Y m
n (θi, ϕi)) (2)

Snm =
∑
i

Areai · Im(Y m
n (θi, ϕi)) (3)

Using above formulas applied to the model, the follow-
ing potentials are obtained.

Figure 3: The calculated potential between 1 km to 20 km distance
to Apophis, theoretically and with SPH. The X-axis represents the
distance from the surface in meters and the Y-axis the gravitational

potential in J/kg

The resulting potential is nearly constant, and its value
is very close to the theoretical one given by −GM

r [25]
as shown in Figure 3. The resultant mass is 6.1 ·1010
kg which corresponds to the density value of 3.2 g/cm3

(i.e. worst-case scenario, since it is the upper bound of the
expected density), both values within the expected range
of the asteroid [16]. Additionally, it is noteworthy that
the potential is really constant; this is such because the
location of the center of mass is shifted just few meters
from the origin.

Once the potential is well known, the computation of
the trajectory can be obtained. The force is computed
knowing that F= −dU

dr [25]. With that in mind, a dynamic
function is created, and using the Runge-Kutta 45 method,
the trajectory is computed [26].

To include this influence of SRP, the current designed
mass of APOSSUM of approximately 100 kg and the cross-
sectional area is 0.2205 m2 is used as input [13]. (In this
case, the worst scenario possible was used, and so the
spacecraft is always facing the Sun in such a way that
the area is maximum).

The SRP formula is computed assuming that the dis-
tance from Apophis to the Sun is 1 AU and constant [27].
This is a good approximation since the variation is mini-
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mum as shown in [28].

aSRP =
PSRP ·ASRP

msc
ŝ (4)

where:

• a⃗SRP is the acceleration due to solar radiation pres-
sure,

• PSRP is the solar radiation pressure at 1 AU (Astro-
nomical Unit) in N/m2,

• ASRP is the cross-sectional area of the spacecraft af-
fected by the solar radiation in m2,

• msc is the mass of the spacecraft in kg,

• ŝ is the unit vector from the spacecraft towards the
Sun, assuming the Sun’s influence is along the posi-
tive x-axis.

In addition, the direction of the pressure was along
the x-axis, this is such since it has to be the worst-case
scenario and the position of release from RAMSES [11] is
still unknown and Apophis is a tumbling rotator. This
means that the orientation of the spacecraft with respect
to the asteroid and to the SUN is undefined and therefore,
the calculations are done to have a conservative result.

With all those factors considered and included in the
dynamics function, the trajectory is computed again with
the same initial conditions as before. This is shown in
Figure 4

Figure 4: Trajectory to approach Apophis with solar radiation
pressure (SRP) applied. The trajectory showcases the spacecraft’s

path under the influence of SRP.

The ∆V required to accomplish this maneuver was 1.6
m/s and was achieved over a span of 2.7 hours. This ∆V
can be adjusted to achieve a more fuel-efficient approach
by increasing the time required.

Moreover, it can be seen that at these distances and
for a first approach, the lander just need one impulse upon
arrival and the control technique is still not needed.

5. Phase 2: Landing on Apophis

In this section, the landing maneuvers and scenario
will be studied in detail. This phase begins when the
APOSSUM spacecraft reaches a distance of 1 km from
the surface. A couple of density scenarios are analyzed
and ultimately one is selected as the most plausible for
the mission.

For this part, we used the tetrahedral method because
of the accuracy it brings and the suitability to incorporate
several densities in the model. Moreover, according to
[29], SPH may produce divergence when computing the
trajectories due to the fact that APOSSUM enters the
Brillouin sphere.

5.1. Mesh Processing and Area Calculation

In order to use tetrahedral technique for modeling, the
imported mesh of the model is processed to compute key
geometric parameters, such as surface area and volume,
which are essential for distributing densities accurately
across the model.
The model is imported to the code, and the geometric
properties of it are computed. These calculations are per-
formed using Heron’s formula [30] for all the triangular
facets of the mesh, since it is crucial for an accurate dis-
tribution of mass over the asteroid’s surface.

a = ∥v2 − v1∥, b = ∥v3 − v2∥, c = ∥v1 − v3∥ (5)

s =
a+ b+ c

2
(6)

Area =
√
s(s− a)(s− b)(s− c) (7)

5.2. Tetrahedral method and gravitational potential

To compute the trajectories in detail, the whole volume
of the model is divided in tetrahedral elements [17] using 3
vertices and one middle point chosen to be in the center of
the asteroid. The mass is then computed by the formula:

m = ρ · V (8)

Where V is the volume of the tetrahedral used in that
iteration and ρ the density. The mass is divided in those 3
vertices chosen and the process is repeated for the whole
asteroid.
Once the whole mass is computed, the trajectory can be
determined. In each step, the gravitational influence of
each element is considered. This may not be the most
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efficient procedure, but it gives accurate results since all
elements contribute to the acceleration calculation at every
time step. The acceleration exerted by each point mass is
given in equation 9.

agrav = −G

n∑
i=1

mi(r− ri)

|r− ri|3
(9)

where:

• a⃗grav is the total gravitational acceleration exerted
on the spacecraft,

• G is the gravitational constant with a value of, G =
6.674× 10−11 m3 kg−1 s−2,

• n is the total number of mass elements,

• mi is the mass of the i-th tetrahedron element,

• r⃗ is the position vector of the spacecraft,

• r⃗i is the position vector of the center of mass of the
i-th tetrahedron,

• |r⃗ − r⃗i| is the distance between the spacecraft and
the i-th tetrahedron element.

Similarly, to compute the gravitational potential, the
value at every point from 1 km above the surface to the
surface is computed. This is done using the formula 10

V (r) = −
N∑
i=1

G ·mi

|r− ri|
(10)

where:

• V (r) is the gravitational potential at the point r.

• G is the gravitational constant,G = 6.67×10−11 m3

kg·s2

• mi is the mass of the i-th tetrahedral element.

• ri is the position vector of the center of mass of the
i-th tetrahedral element.

• |r − ri| is the distance between the point of inter-
est r and the center of mass of the i-the tetrahedral
element.

The trajectory of the spacecraft is then simulated by
solving the equations of motion, incorporating both the
gravitational force and other perturbations such as solar
radiation pressure. The motion equation integrated over
time is given by equation 11.

r̈ = −∇V (r) + aSRP (11)

where:

• ¨⃗r is the acceleration of the spacecraft,

• V (r⃗) is the gravitational potential at the position r⃗
of the spacecraft.

• a⃗SRP is the acceleration due to solar radiation pres-
sure acting on the spacecraft.

This detailed accounting ensures precise modeling of
the spacecraft’s trajectory as it moves through the as-
teroid’s gravitational field, considering both the micro-
variations in the asteroid’s density and macro-level influ-
ences such as solar radiation. Thus, the trajectories are
computed. With the computed trajectories established,
we proceed to analyze non-constant density scenarios.

5.3. Non-Constant density Scenarios

Most smaller asteroids are thought to be rubble piles,
i.e. debris of different sizes and shapes that have coalesced
under the influence of gravity. In the case of Itokawa, [31],
an S-type Near-Earth asteroid visited by the Hayabusa
mission (JAXA), the asteroid is divided into a higher and
lower density lobe. Thus, we have adapted this case to
model Apophis, e.g. assuming that the asteroid is divided
into two different density regions, see Figure 5. We have
chosen 3.2 g/cm3 and 1.29 g/cm3 as density values, which
are roughly the upper and lower limits for Apophis. In
addition, we also looked into a 3-density distribution case
for Apophis assuming 3 lobes with respective densities: 3.2
/cm3, 2.2 /cm3 and 1.29 g/cm3. The three lobe density
distribution is shown in Figure 7

Figure 5: Apophis modeled using the tetrahedral method with
2-density distribution. The blue region represents a density of 1.29

g/cm3, while the red region corresponds to 3.2 g/cm3.

The associated trajectories around Apophis with a 2-
density distribution are shown in Figure 6. For this 2-
density distribution, we obtained a total mass of the as-
teroid of approx. 4.5 ·1010kg which is within the expected
limits defined by [16].

The trajectory of the APOSSUM probe towards Apophis
is almost circular, see Figure 6, however the path is slightly
perturbed due to the influence of the SRP. Moreover, the
center of mass has a greater shift towards the denser lobe
than for the 3 density asteroid scenario. This observation
indicates that, upon arrival depending on the real density
distribution of Apophis, a more thorough investigation of
the asteroid’s density will be required to determine the
most reliable landing trajectory for the APOSSUM probe.
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Figure 6: Trajectory simulation around Apophis using the
tetrahedral method with two density lobes.

Figure 7: Apophis with three density lobes modeled using the
tetrahedral method. The blue region represents a density of 1.29
g/cm3, the green region 2.2 g/cm3, and the red region 3.2 g/cm3.

Figure 8: Trajectory path of the APOSSUM lander for the
3-density distribution case of Apophis. The path is influenced by

high-density lobes and central mass attraction, showcasing
adjustments from gravitational perturbations and solar radiation

pressure.

As illustrated in Figure 8, the trajectory is perturbed
in such a way that it tends to align toward the center of
mass while being influenced simultaneously by the gravi-
tational attraction of the denser lobe. The initial velocity
used corresponds to the theoretical one using the mass of

the asteroid, calculated using
√

GM
r [32]. Although the

trajectory is close to circular, it is not exactly. This is
because, in this scenario, the gravitational perturbation is
more complex, and the SRP is also taken into account, as
explained in the previous study case.
As explained, the two density scenarios reveal significant
differences in the behavior of APOSSUM’s trajectory and
the position of the center of mass due to the density sce-
narios. In addition, the orbital period varies between the
two cases, since it is dependent on the mass of the aster-
oid. As shown in the figures, the APOSSUM probe is able
to make almost 1.5 rotations in the 2-density lobe scenario
and barely one in the other case. This discrepancy is at-
tributed to the initial velocity used, which is proportional
to the mass of the asteroid. Since the mass is higher in
the first case, the resulting velocity is also higher, leading
to a shorter rotation period.

5.4. Controlled landing on Apophis

Once the non-uniform density scenario has been es-
tablished, control techniques can be applied for landing.
Usually, the most efficient maneuver would be computed
by trial and error to use the gravitational potential in favor
of the spacecraft and so orbit it as it lands in a curved tra-
jectory. Since the APOSSUM probe has to communicate
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with RAMSES [11], we have to anticipate a rectilinear tra-
jectory for APOSSUM and therefore we have to look for
an optimized control technique.
To achieve a successful landing, 2 control techniques have
been tested, including the proportional derivative control
(PD) [33] and the bang-bang control [34].
In PD control, the control input is based on both the cur-
rent error and the rate of change of the error (which is the
derivative term). It calculates the desired velocity change
using a proportional term and the current velocity, which
acts as a derivative term [35].

∆V = Kp · e(t) +Kd ·
de(t)

dt
(12)

where:

• Kp is the proportional gain.

• e⃗(t) is the error vector (difference between the target
position and the current position).

• Kd is the derivative gain.

• de⃗(t)
dt is the rate of change of the error (difference

between the target velocity and the current velocity).

Moreover, it has to be mentioned that for this calcula-
tions a maximum ∆V and a minimum one were set. This
values were computed using Newton´s equation and the
corresponding thrust of the engine used in the spacecraft.

∆V =
T ·∆t

msc
(13)

Several trials were conducted to fine-tune the parameters
and optimize the results in every iteration.

Kp Kd dt [s] ∆V Tol. Time [s] Success

0.005 0.002 12.5 & 1 2.63 2 1635 Success

Table 2: Best trial using PD control with updated gains

Figure 9: Results using PD control to reduce the time step. The
plot compares the total ∆V against the time step between

corrections.

Figure 10: Results using PD control to reduce the time step. The
Y-axis shows the landing time in seconds, while the X-axis shows

the time step in seconds.

As shown in Table 2, using PD control method, the
needed time for the spacecraft to land is 1635 seconds and
the ∆V is relatively low. This low value is achieved by
doing small increments in velocity along the path, and
therefore the needed time rises. Moreover, Figure 9 is
shown to have a deeper view of the relationship between
the minimum time step at which the algorithm corrects
the trajectory, and the ∆V . The 2 values on each position
on the x-axis are due to the fact that this technique uses
2 different minimum time step corrections along the path.
When the lander is at a height greater than 50 meters the
∆t used is the greater value, in this case varies for every
trial from 12.5 to 2 s, whereas for closer distances, it is
reduced to 1 second. For APOSSUM, this altitude of 50
meters was selected as the transition point to fine control,
aligning with Hayabusa2’s successful sampling strategy. It
provides sufficient time to mitigate gravitational pertur-
bations and ensure a stable touch-and-go operation [36].

Additionally, Figure 9 shows a linear trend where a re-
duction in time step results in a smaller ∆V . This allows
APOSSUM to save more propellant on the way at a time
cost, as it can be seen in Figure 10.

On the other hand, Bang bang control technique is a
simple on-off control strategy where the control input is
switched between its maximum and minimum values of
thrust to drive the system towards a desired state. This
control technique is often used in the case precise control is
not required, and the system can tolerate abrupt changes
[37].

e(t) = target− position (14)

The unit error vector is obtained by normalizing the
error vector to get the direction in which the spacecraft
needs to move.

∆V =

{
∆Vmax if e⃗(t) ≥ 0

−∆Vmax if e⃗(t) < 0
(15)

This correctly shows that the change in velocity ∆V
is set to ∆Vmax if the error vector (e(t)) is positive, and

8



-∆Vmax if the error vector is negative. Moreover, one may
have noticed the maximum ∆V is the same one as for the
PD control technique.

Kp dt ∆V Tol. Time [s] Success

- 1 3.94 3 458 Success

Table 3: Best trial using Bang-Bang control

The rotation of the asteroid was also taken into account
for these studies. The period used was 30.56 hours, as
shown in [38],[39].

When comparing these techniques, both have merits to
be suitable; nevertheless, one of them is better for landing
than the other.

Although the Bang-bang control algorithm is relatively
straightforward to implement and achieves an earlier ar-
rival at the landing site, its reliance on high-thrust im-
pulses results in significantly higher fuel consumption, as
shown in 3. On the other hand, Table 3 shows that the
landing time is significantly reduced when using Bang-
Bang. This is due to the switch between maximum thrust
and none. Although this approach reduces time, it does so
by increasing the propellant usage. So, it can be noticed
that this is a suitable option in case there is a strict time
constraint. Nevertheless, since APOSSUM is not driven
by a time constraint, it is preferred to save propellant for
the return from the asteroid to Earth.

Figure 11: Final trajectory using PD control to land

Figure 11 shows the trajectory of the APOSSUM probe
to a target location on the surface of the asteroid. The
∆V is 2.63 m/s as shown in Table 2, the resulting path
is almost rectilinear. Furthermore, landing velocity meets
the requirements of the GNC subsystem, which specifies a

maximum vertical velocity of 0.2 m/s and a maximum lat-
eral velocity of 0.05 m/s to prevent rebound. The space-
craft successfully landed with a vertical velocity of 0.09
m/s and a lateral velocity of 0.05 m/s. The reason behind
these requirements comes from the experience of Osiris-
Rex [40] and Hayabusa2 [41], the restrictions of the verti-
cal and lateral velocity have been defined during the design
process to be 0.2 m/s and 0.05 m/s respectively, very sim-
ilar to the values used in those missions. This will allow
a spring-loaded touchdown of APOSSUM and guarantees
that the sampler will not tilt.

5.5. Limitations of the PD Control

Once the PD control technique was chosen based on
its suitability for the mission, it became necessary to ver-
ify whether this controller can handle a variety of density
distributions and conditions. Although the PD controller
performs adequately in the three-lobe scenario described
above, its limitations need to be accounted for in case this
method is not suitable for all configurations.

For the identification of potential limitations, the al-
ternative model from section 5.3 is considered, which de-
scribes the 2 density-lobe scenario. That model provides
another internal structure of the asteroid, and hence presents
another possible environment of the APOSSUM upon ar-
rival. Using the same PD gains and ∆V limits as before, is
expected to identify whether the controller would fail the
final velocity constraints or needs further adaptation.

Model V. Vel. L. Vel Time [s] ∆v Success

2-lobe -0.082 0.057 1327 3.15 No

3-lobe -0.093 0.036 1635 2.63 Yes

Table 4: Comparison of 2-lobe vs. 3-lobe distributions using the
PD controller.

Please note that the velocities of Table 4, are in m/s.
As it can be seen, the controller meets the vertical and lat-
eral velocity requirements only in the three-lobe scenario.
In the two-lobe case, the larger lateral offset induces a fi-
nal lateral velocity slightly above 0.05m/s, thus failing the
requirement. These findings indicate that while the PD
controller is successful for the three-lobe model, it may re-
quire fine-tuning in other density distributions. The next
subsection extends these analyses via a Monte Carlo sim-
ulation (Section 5.6), focusing primarily on the three-lobe
scenario.

5.6. Monte Carlo Simulation

In order to assess the reliability and accuracy of the
modelled landing maneuver with the parameters used in
the PD control technique and to provide a quantified suc-
cess rate, a Monte Carlo simulation was performed taking
into account relevant uncertainties.
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Table 5: Monte Carlo Simulation Parameters

Parameter Variation Distribution

Mass (kg) Uniform 100 ± 10

Area (m2) Uniform 0.22 ± 0.05

Position Noise (m) Gaussian µ = 0, σ = 0.1

Velocity Noise (m/s) Gaussian µ = 0, σ = 0.01

Gravitational Model Er-
ror (%)

Gaussian µ = 0%, σ = 5%

SRP Force Noise (%) Gaussian µ = 0%, σ = 2%

Density High (kg/m3) Uniform 3200 ± 300

Density Mid (kg/m3) Uniform 2200 ± 200

Density Low (kg/m3) Uniform 1290 ± 100

As summarized in Table 5, the parameters varied dur-
ing the Monte Carlo simulation were focused on the rele-
vant variables of the system.The mass and cross-sectional
area have been varied by 10% and 22% respectively to ac-
count for any possible future change. Moreover, some po-
sition and velocity noise have been introduced using Gaus-
sian distributions to simulate sensor inaccuracies. More-
over, the simulation also tries to take into account the
Gravitational model error and the SRP Force noise for
those cases in which some errors in the measurement are
made, and the gravitational perturbations from 3rd bod-
ies like Earth, although the influence does not affect, due
to the large distance. Finally, the 3 density values are
changed in a uniform way to represent material inconsis-
tencies within Apophis.

Using those parameters, a Monte Carlo simulation was
done for 5000 cases and APOSSUM achieved a 99.96%
success. For a case to be successful, it has to land within
the 3 meter location threshold , its terminal velocity has
to be below the escape velocity and it has to fulfill the re-
quirements of the vertical and lateral maximum velocities.

It was found that the Average Terminal Velocity Er-
ror was 0.10 m/s, with the Maximum Terminal Veloc-
ity Error also recorded at 0.10 m/s, demonstrating con-
sistent and minimal velocity deviations across all simula-
tions. The Average Position Error was 0.99 meters, which
is well within the predefined distance tolerance limits, fur-
ther confirming the precision and reliability of the PD con-
troller with timestep variation at 50 m height under varied
operational conditions.

6. Phase 3: Return to Earth

Once the samples are collected, the sample phase ends
and so the return to Earth starts.
The landing location on Earth is chosen to be Woomera,
exemplary landing location for this study, which is the
dessert part of Australia (-31º,128º). This location is se-
lected due to its sparse population, which minimizes the
risk to human life and property. Moreover, the mission
design also considers that the asteroid needed to be on the
opposite side of the Earth during the landing in Woomera

to ensure undisturbed observation of Apophis by the tele-
scopes. For the departure date from Apophis several dates
were considered as candidates, and so several simulations
were computed in order to see the best fit.

Figure 12: Returning dates

Figure 13: ∆V associated with the respective departure dates

As shown in Figures 12 and 13, the closer the departure
date is to the closest encounter of Apophis to Earth, the
more ∆V is needed for the return. This is because the
trajectory needs a greater correction and acceleration to
arrive on the same date. A trade off was made, taking this
fact into account along with a requirement of the FPA
(Flight path angle) that the APOSSUM probe must have
when approaching LEO (20º or less) for the reentry in the
atmosphere [42].
By taking these data and requirements into consideration,
the departure date was chosen to be 20th March 2029 and
the resulting day of arrival on Earth is 13th April 2029,
which is the one corresponding to the closest distance of
Apophis to Earth [43].

7. Summary and Conclusion

This paper presents a study of the mission scenario
of a asteroid sample return mission, APOSSUM, to the
asteroid Apophis using ESA’s RAMSES spacecraft as car-
rier. This analysis particularly focused on the controlled
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landing of the APOSSUM probe assuming that Apophis
bulk density is not constant. In contrast to the findings
by [14], this paper provides insights in control strategies
that can be used to counteract the perturbations that the
spacecraft may find during the landing phase in a complex
density scenario.
The incorporation of a non-constant density model marks
a significant departure from traditional landing analyses,
which often assume uniform density distributions. This
study highlights the importance of considering density vari-
ations in trajectory planning and control design. For fu-
ture missions, introducing dynamic time steps during tra-
jectory corrections or refining control gains based on local
gravitational gradients could further enhance landing pre-
cision and fuel efficiency. These findings provide valuable
insights for landing missions targeting asteroids with com-
plex internal structures, paving the way for more robust
guidance and control systems.
The Key Findings in terms of Control techniques: For
Phase 1, the ”Separation and Approach”, it can be done
without any control technique using one impulse. For
Phase 2, the PD control technique has proved to be a bet-
ter option for landing since there is no strict time restric-
tion and so, saving ∆V is preferred [44]. Moreover, the
trajectory of the bang bang approach will be less stable
and straight due to the explained changes between maxi-
mum and zero thrust [34]. This means that for a mission
with a stronger restriction in time and landing location
accuracy, rather than fuel consumption, a Bang-bang con-
trol strategy is a more suitable option.
Furthermore, while the PD control method proved highly
effective for the APOSSUM mission scenario, it is not
without limitations. The need for precise time step tun-
ing and reliance on accurate gravitational models could
pose challenges for real-time adaptability to other aster-
oids. Additionally, it requires computational resources for
adaptive time steps and potential overcorrection risks dur-
ing final descent highlight areas for future optimization.
These limitations point to the potential benefits of inte-
grating more advanced control strategies, such as model-
predictive control or hybrid approaches, to further enhance
robustness and efficiency.
Landing Precision The precision is higher with a PD
control as modular thrust is a great advantage when try-
ing to land in a small landing place. This is crucial for
missions requiring exact placement of the spacecraft, par-
ticularly in regions with challenging topography or when
specific scientific objectives require landing in a defined
area.
The use of PD and Bang-Bang control for a mission with
changing density distributions revealed both limitations
and areas for improvement. Without adjustments like
varying time steps in PD control, the lander would strug-
gle to achieve precise landings within a 3-meter radius, as
gravitational perturbations near denser lobes significantly
affect trajectory stability. Bang-Bang control, while faster,
consumes more fuel due to its reliance on high-thrust im-

pulses, making it less efficient for fuel-limited missions.
Moreover, this control technique needs fine tuning and it
is not recommended for these kind of missions
Future missions could benefit from implementing dynamic
time steps during trajectory corrections or fine-tuning con-
trol gains. These adjustments would allow spacecraft to
better handle irregular gravitational environments and im-
prove landing precision, particularly in missions target-
ing small or highly variable landing areas. Such strategies
would enhance robustness and minimize fuel consumption
under challenging conditions.

Impact of Density Variations: The study also ex-
plored the impact of Apophis’s density variations on the
spacecraft’s trajectory. Changing density distributions were
found to cause significant perturbations in the trajectory,
which makes it essential to account for these variations in
control techniques to ensure a successful landing. The final
chosen density distribution is an example that corresponds
to the case of a 3 density lobes distribution.
In conclusion, this research provides information on the
control techniques to land on an asteroid, showing differ-
ent scenarios and control techniques for a successful mis-
sion. The findings are helpful not only for guidance navi-
gation and control, but also for future mission campaigns
that want to explore small celestial bodies, since a sim-
ilar approach can be used. A similar approach can be
adapted for other mission objectives, including those in-
volving targets located further away but still within a few
lunar distances from Earth. For instance, the methodolo-
gies outlined here could inform missions aiming to land on
near-Earth objects (NEOs) or even conduct sample return
operations from distant asteroids. For these cases, the ap-
proach can be similar by adapting the densities and shape
to correspond to the target asteroid. The only significant
difference would be in the return phase, as this spacecraft
is designed to account for the close proximity of Apophis
during its encounter. Other targets may require more time
and a higher ∆V .
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