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Abstract

This is a report about the simulation study of a lightweight rover being separated from
a larger spacecraft in vicinity of a small Solar system body. Monte Carlo simulation and
statistical analysis estimate the rate of requirement violation depending on uncertain rover
and separation mechanism parameters. During the rover development phase, the full Monte
Carlo analysis is only done with a simplified model. The first iterations show relatively
high probability of non-compliance with requirements. Model refinement and more precise
hardware values lead to the final assessment that separation meets the requirements within a
~ 2 o region. Another key result is the identification of relevant and irrelevant effects on the
spacecraft rover separation. A more detailed model serves for analysis of selected samples
during the development phase. For this model, a full Monte Carlo analysis is only done
close to the end once the parameter ranges are fixed, mostly for time reasons. This more
detailed analysis in general confirms the ~ 2 ¢ requirement meeting. The main difference
with the simplified model is the much larger number of outliers, a few of which also violate
the allocated volume for the rover in proximity of the mothership.

Keywords Multibody separation analysis - Monte Carlo analysis - Small celestial bodies -
Martian Moons Exploration (MMX)

1 Introduction

The French and German space agencies CNES and DLR provide a rover to the JAXA MMX
sample return mission to Phobos, a moon of Mars [6, 7, 10-13]. The MMX rover will be the
first attempt of wheeled locomotion in milli gravity [1, 2, 4]. Laboratory experiments to test
the proper functioning of the rover are only partially possible because of the very different
environmental conditions on Phobos compared to Earth. This is why computer simulations
take a very important role in the development and analysis process [3]. For example, for the
separation of the rover from the mothership as is related in the following. The spacecraft will
descend to around 40 m above the surface and eject the rover, from there the rover will fall
on the surface. DLR provides a device for the mothership called MECSS (Mechanical and
Electrical Chassis Support System) through which power and communication will be sup-
plied during cruise. Furthermore, the MECSS carries the mechanism to safely separate the
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Fig. 1 Rover spacecraft separation overview: gravity direction, MECSS and rover envelopes, coordinate sys-
tems (World, MECSS, Rover), HDRM (closed, open), POM ( ), pyramidal volume (dashed)

rover from the mothership. It consists of four Hold-Down and Release Mechanisms HDRM
that hold the rover until they get the signal to open, and one Push-Off Mechanism POM in
the center that pushes the rover away. The rover must not interfere with the mothership after
separation. Thus, a minimum and maximum separation velocity, a maximum tumbling rate,
and a pyramidal volume must be kept by the rover in proximity of the mothership.

Subject of this article are Monte Carlo analyses in order to have a statistically sound
statement about the safety for the separation of the rover from the mothership. For this,
the most important aspects of MECSS and rover are modeled in a simulation environment
and validated against test data. 100,000 random samples for uncertain parameters are fed
into these simulation models to evaluate how probably the requirements are met. While
two spacecraft moving in free space do not need advanced multibody simulation and could
be analyzed analytically, the separation mechanism introduces complexity and uncertainty.
Therefore, a model in multibody simulation software is needed and the analysis is worth a
publication.

This report presents the two variants of the simulation model. A simplified and fast simu-
lating model is used to do Monte Carlo analyses whenever design changes or new measure-
ment data arrive. A model with more detail, most notably with the rover being not perfectly
locked against the mothership, serves in a full Monte Carlo analysis only once the parame-
ters are sure not to change any more. It is used for analysis in smaller scale during the rover
development only, for time and computing reasons.

The main section is a results discussion. The rover motion is studied, violations of the
allowed pyramidal volume are detected, and the impact of the varied parameters on the
results are investigated.

2 Rover spacecraft separation
Figure 1 draws an overview of the investigated multibody simulation. It shows bodies, mech-
anisms, and important coordinate systems whose colors recur through the text, before and

after separation. The color version of the article is given online. Note that the mothership, to
which the MECSS is attached, is not shown.
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Fig.2 MECSS and rover flight
hardware

‘ (Positions of the) Hold-Down and Release Mechanisms

Fig.3 MECSS flight hardware

2.1 MECSS hardware

Fig. 2 is a picture of the MECSS and rover flight hardware before integration on the MMX
mothership. Fig. 3 shows the MECSS only, left the structure, right with the golden foil cover
for insulation. One can see the POM in the center and the four HDRMs at the corners. Fig. 4
presents technical drawings of the whole assembly from top and side. The dimensions can
be read in Fig. 4.

2.2 Coordinate systems

Three coordinate systems are shown in Fig. 1.

e World defines the world origin and directions for x, y, and z.

e MECSS is centered in the middle of the POM, initially at World origin.

e Rover has its center at the point on the rover bottom plate to which the POM of the
MECSS acts upon. This is initially at World origin. The axes are separation x, rover
wheels y, and driving z directions.
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Fig.4 Side and top view drawings of the complete MECSS

2.3 Variables and requirements

To quantify the separation motion of the rover, six variables are analyzed and given values
with margins that are required to be kept after separation.

e Velocity x is the separation direction. 0.2 ms~! 0.02 ms~! is required.

e Velocity y and velocity z are perpendicular to the separation direction, z points to the
front of the rover, and y completes the right-handed system. 0.0 ms~' +0.02 ms~! is
required.

e Angular velocity x, angular velocity y, angular velocity z have the requirement 0.0 °s~!
+10°s7'.

In addition, the dashed lines of Fig. 1 illustrate a pyramidal volume that the rover must
not leave.

3 Multibody model of mothership, rover, and MECSS

Modelica' [9] is used to implement the multibody models of spacecraft, rover, and MECSS.
DLR’s institute of System Dynamics and Control has a long and successful history of using

1https://modelica.org/, accessed March 26, 2025.
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Modelica for analysis of complex systems and layout of controllers. The planetary explo-
ration group has assembled useful basic building blocks for rover modeling together to form
the DLR Rover Simulation Toolkit RST [8]. These include for example rigid body dynam-
ics, servos, contact dynamics with soft sand surface and obstacles [5], and components for
locomotion control. The MMX rover is one instance of RST [3].

The following subsections give details about the modeling and implementation of moth-
ership, rover, MECSS, and environment in order to perform the Monte Carlo analysis in
Sect. 4. Where pertinent, the evolution of the models through the project phases is related.

3.1 Environment

The direction and magnitude of gravitational acceleration have no measurable impact on
the separation. Therefore, it is always 0.0057 m s~ straight down (negative x in the plots).
The surface of Phobos is not modeled because only the separation 40 m above the surface
is investigated. The simulation of the rover on Phobos (landing, uprighting, driving, etc.) is
subject of [3].

3.2 MMX mothership multibody model

The MMX mothership is an inert mass of 3000 kg and known inertia free in space (6 DoF).
This is constant through the model iterations. The spatial dimensions of the mothership are
not modeled. Hence, the rover motion cannot be blocked by the mothership in the simula-
tion. This is considered in the post-processing.

The mothership is not actively moving in the subsequent separation analysis. JAXA has
confirmed that thrusters will be shut down minutes before separation and remain shut down
also minutes after separation, apart from emergency situations. This reduces the analysis
complexity a lot as shown by preliminary analyses where an accelerating mothership at the
separation instant significantly affects the results.

3.3 MMX rover multibody model

The rover is rigid and inert. Mass, inertia, and center of mass of the rover are uncertain
within known bounds. These are seven values varied in the Monte Carlo analysis. For con-
tact dynamics simulation with the MECSS, the rover shape is approximated by the cuboid
envelope around chassis, folded solar panels, legs, and wheels. The rover is in principle
free in space (6 DoF). However, there are four bolts, one at each corner rigidly attached
to the chassis, that serve as interface to the MECSS. In the simplified version, one of the
bolts is locked to the MECSS HDRM, see Sect. 3.4.2, such that every movement from the
rover relative to the MECSS is locked from simulation start until the opening signal plus
random delay causes this single HDRM to open. In the detailed version, all four bolts are
initially held by HDRMs. But their movement is not completely blocked even when closed
as explained in Sect. 3.4.2.

3.4 MECSS multibody model
The MECSS model is more complex than rover and mothership. At first, it is an additional
rigid and inert cuboid weighing 2.8 kg that is rigidly attached to the mothership. The spatial

dimensions 0.0535 m x 0.395 m x 0.43 m are modeled such that rover motion can be
blocked.
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Fig.5 Hardware drawings of the two most important MECSS parts

The MECSS further has two devices that are key for the rover separation from the moth-
ership. These are the Push-Off Mechanism, Fig. 5b, and the Hold-Down and Release Mech-
anisms, Fig. 5a. These two devices exist in two versions: one with important simplifications
and one with more details. The simplified model is used for doing the first, fast, Monte
Carlo analysis with a large number of samples whenever the model or the parameters are
refined. For time reasons, the detailed model initially is only used for in-depth analysis of a
few samples or in analyses with only one varied parameter. A Monte Carlo analysis with all
samples is carried out on the detailed model only at the end of the development phase once
three conditions are met: the rover design is final, the number of parameters varied in the
Monte Carlo analysis is fixed, and all agree upon the range for these uncertain parameters.

3.4.1 Push-off mechanism POM

Gravity at Phobos is not strong enough to safely separate the rover from the mother-
ship. Thus, an active mechanism pushes the rover away. This is referred to as Push-Off
Mechanism POM and is visible in Fig. 5b. A spring is attached close to the center of the
MECSS (see the right-hand side of Fig. 4), an X-shaped push-off plate is attached to it and
exerts a pressure on the rover.

The fact sheet of the spring? lists a range at which it behaves linearly with a known con-
stant. A MECSS separation test, conducted in a laboratory on Earth, confirms that the spring
behaves as expected. There is no information about statistical spreading of the spring con-
stant, for example, due to manufacturing tolerances or material fatigue after the long cruise
phase. Therefore, the test result recommends to add a safety margin of +5% to account for
statistical variability in the spring constant. Thus, the spring model for simulation is a simple
linear spring with given values. It is hinted in Fig. 1 as small (left) and slightly longer (right),
fat, horizontal orange bar. To account for more simplifications, e.g., no residual friction in
the assembly, the range in variability for the Monte Carlo analysis is £20%. In addition, the
spring can initially be tilted a little about the y and z axes, it cannot roll. This is modeled
with a fixed rotation of the spring relative to the MECSS cuboid. The rotation axis and angle
governing this tilt are Monte Carlo parameters.

thtps://WWW.febrotec.de/de-DE/druckfedern/schraubendruckfedern/()c0850-08lSOOOs/, accessed March 26,
2025.
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Fig.6 POM pendulum test: A mass of 4.862 kg is accelerated by the POM

The X-shaped plate, see orange X in Fig. 1 or the right sides of Fig. 3 and Fig. 4, is
modeled in two different ways. In the simplified model, five points, the middle and the four
corners, are rigidly connected to each other. In the detailed model, a little flexibility in the
four arms is simulated. All five points can interact with the rover through contact dynamics.

Contact of the plate to the rover chassis is modeled using Modelica’s ElastoGap from
the Modelica Standard Library® translational mechanics. For positive elongation, i.e., no
contact, no force is applied. For negative elongation, i.e., the plate penetrates the rover, the
force of a spring and damper in parallel is applied. Although more advanced models and
algorithms for contact dynamics exist in RST [5], this low level of complexity is enough
for the MECSS analysis and has the advantages to run fast and to be solely Modelica code
without calls to external functions. The contact dynamics spring is nonlinear with exponent
1.5 as is custom for Hertzian contact models, its stiffness ¢ = 1 x 102 Nm~! is high. The
damper is linear in velocity, d = 2D./cm is derived from c, the damping ratio D = 0.1,
and the nominal rover mass m = 25.147 kg. Note that the variable rover mass in the Monte
Carlo analysis does not affect d.

A POM laboratory test has the spring accelerate a pendulum mass of 4.862 kg. This is
recreated in simulation for model validation, with some necessary differences. The complete
nominal simulation is taken, only the mass parameter of the inert rover is changed from the
nominal 25.147 kg to 4.862 kg. The measured and simulated acceleration and velocity are
shown side by side in Fig. 6. The order of magnitude is correct and the differences are easily
explained. The simulation has the whole assembly, and in Phobos gravity, not on Earth,
hence there is no visible deceleration after the ejection.

3.4.2 Hold-down and release mechanism HDRM

The HDRM is the most important element of the whole simulation model and the one that
most distinguishes the simplified from the detailed model. Four of them are placed on the
corners of the MECSS (see the right-hand side of Fig. 4), the construction of one HDRM is
shown in Fig. 5a. Fig. 1 also illustrates the mechanism. The left-hand side of the figure has
four red, i.e., closed, circles at the bottom of the MECSS and four narrow horizontal bolts at
the top of the rover inside them. The right-hand side has the same shapes in teal color, note
that the bolts are no longer inside the HDRM circles but still rigidly attached to the rover.

3https://github.com/modelica/ModelicaStandardLibrary, accessed March 26, 2025.
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There is only one HDRM in the simplified MECSS model, because one simple closed
HDRM completely locks any movement of the rover. Hence, there is no need to include all
four HDRMs. When this simple HDRM opens, the bolt that is rigidly attached to the rover
is completely free to move. Thus, rover and MECSS then move independently of each other.

The detailed model has four HDRMs, one at each corner. Bolts are rigidly attached to
the rover and initially inside the HDRMs. When an HDRM is closed, the bolt has very high
friction to the inside of the HDRM but can in principle move and turn in all directions. When
an HDRM is open, a force peak acts on the bolt and its friction to the inside of the HDRM
in direction of separation is set to close to zero until it is completely outside. Then bolt and
HDRM move completely independent of each other.

Additionally, the four HDRMs do not open exactly at the same time but each has a delay
within the expected bounds. The opening delay times are varied parameters that are not in
the simplified Monte Carlo analysis (only one HDRM included) but in the detailed analysis
of the separation.

Validation of the HDRM covers two aspects, the delay at opening and the force induced
on the ejected rover. While there is a sufficient amount of data for the time delay to have
statistically sound parameters for generation of the Monte Carlo samples, there is only one
usable test to estimate the force that an HDRM induces on opening. As explained in the
comments to Table 1, a detailed model of an HDRM is simulated in isolation. Its effect on a
small cylindrical mass ejected horizontally in Earth gravity is visibly compared to the video
recording of the same laboratory test. The inaccuracy of this validation method is considered
in the large range around this nominal value when creating the random samples.

3.4.3 Model iterations

The MECSS model went through a series of iterations following the project development
phases, steadily incorporating more known parameter values, narrowing down the search
space. Some parameters varied in the first Monte Carlo iterations, such as the friction in
the HDRMs, are fixed in the latest iteration because the manufacturers judge them not to
change significantly, as confirmed by measurement. Other parameters initially varied, like
the direction of gravitational acceleration, are removed from the Monte Carlo set because
they have no measurable impact on the results.

Whenever a significant change occurred, a complete analysis with the simplified model
was done. The last of these sets is discussed in Sect. 4.1.2. Simulations with the detailed
models on restricted parameter variations (only one parameter varied, only corner cases
tested) were done almost as often. One of these studies is discussed in Sect. 4.2.1. The
full Monte Carlo analysis with the detailed model was only done once at the end of the
rover development phase once all parameter ranges were exactly known. This is discussed
in Sect. 4.2.2.

4 Results

The Modelica models are implemented in the Dymola* IDE and simulated on a normal
desktop PC using the Radau IIA integration algorithm. This algorithm is chosen because
of the stiff nature of the separation instant. While two spacecraft moving away from each
other is trivial, and would not require advanced simulation at all, the HDRMs and POM

4https://www.3dsAcorn/proclucts—services/catia/products./dymola/, accessed March 26, 2025.
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Table1 Model parameters varied in the Monte Carlo analysis

Name Unit Nominal Low High
Rover mass kg 25.147 23.000 26.000
Rover center of mass x m 0.20 0.19 0.21
Rover center of mass y m 0.00 —0.01 0.01
Rover center of mass z m 0.00 —0.01 0.01
Rover inertia x kg m? 0.740 0.518 0.962
Rover inertia y kg m? 0.520 0.364 0.676
Rover inertia z kg m?2 0.500 0.350 0.650
Spring constant Nm~! 2045.0 1840.5 2249.5
Spring tilt rad 0.0000 0.0000 0.0035
Impulse at HDRM opening Ns 0.0150 0.0015 0.1500
Delay at HDRM opening S 0.07 0.05 0.10

acting on the rover chassis cause the problem to be more complex than it may seem at first
sight. Generation of random Monte Carlo parameters and post processing is done with the
Python® programming language using the NumPy and SciPy modules [14].

4.1 Monte Carlo analysis with a simplified simulation model

The simplified model is used for a Monte Carlo analysis with 100,000 samples with 10
uncertain parameters. The values are chosen uniformly between the known bounds. Uniform
distribution is used for the following reasons. Firstly, the MMX rover hardware model had
uncertain mass and inertia during the development phase, when many simplified Monte
Carlo analyses were done. The bounds for this hardware uncertainty were known but not
the distribution within. It was judged wrong to assume a Gaussian distribution around the
middle value of the rover mass bounds. Because no better distribution could be assumed, a
uniform distribution was chosen. Secondly, the HDRM specification states a minimum and
maximum delay with uniform distribution within the bounds. Thus, the same is used in the
Monte Carlo analysis. Thirdly, spring tilt is somewhat different as the uncertainty probably
is not uniform in real life. However, the simulation model requires the tilt to remain within
the given bounds for technical reasons. A uniform distribution of spring tilt in the Monte
Carlo analysis ensures this, compared to, e.g., a Gaussian distribution. A clipped Gaussian
distribution may have been another viable choice, but finally all uniform distribution for the
uncertain parameters was chosen for simplicity.

4.1.1 Monte Carlo parameters

The Monte Carlo parameters consisting of their nominal values and bounds are listed in
Table 1. Sources of these numbers are fact sheets, measurements of hardware or agreement
documents between DLR, CNES, and JAXA. Measured values changed regularly through
the project phases, in general getting narrower bounds as the design and development ad-
vanced. When possible, parameters were changed to constants because their bounds became
sufficiently narrow that no influence was seen in the results. For example, the friction of the

5https://www.python.org/, accessed March 26, 2025.
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MECSS with rigid HDRM Monte Carlo Analysis, Relative Motion, 1s After Separation
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Fig.7 MECSS Monte Carlo result overview, simplified model, velocity and angular velocity of Rover coor-
dinate system relative to MECSS coordinate system

bolt inside the HDRMs has only little influence on the results and does not vary much as
confirmed by measurement. Thus, it is no longer part of the Monte Carlo parameter set.
Some comments about Table 1:

e The rover center of mass position is measured from the Rover coordinate system.

e The bounds of the spring constant are very large, 80% to 120% of the nominal value,
which is much more than the tolerances recommended by the MECSS construction team.
This is done to capture additional effects and unknown values that are not explicitly mod-
eled in the simulation model of the MECSS, e.g., friction in the conduct of the spring or
flexibility in the arms of the POM.

e The spring tilt is applied in a random direction.

e When an HDRM opens, it induces a force on the rover. This force peak is estimated in
a detailed model of the HDRM. While the duration of this force square signal is close
to constant, the height is most likely subject to large variation, especially considering the
long cruise phase. In addition, taking a large range aims at compensating the simplifica-
tions of the model. Thus, the Monte Carlo parameter is the impulse with large bounds:
80% to 120% of the nominal value.

e The opening delay parameter is not used in the Monte Carlo analysis with the simplified
model because it only has one HDRM. Delay is only used for the detailed model with
four HDRMs that get their opening signal at the same time but have a random delay each.
This is one topic of Sect. 4.2.

4.1.2 Results

The most important contribution of the report is the following analysis of the Monte Carlo
simulation results. One simplified simulation lasts under 1 minute. Thus, a complete run of
Monte Carlo simulations takes about 24 hours on a powerful desktop workstation. Fig. 7
shows the velocities and angular velocities of the Rover coordinate system relative to the
MECSS coordinate system 1 s after ejection for each axis. The samples are summarized as
box plot showing the median as orange line in the middle, the 1 o region as box, the 3 o
region as lines and outliers, if present, as circles. The requirements to meet are marked with
horizontal yellow lines. While the requirements on the tumbling are met, the requirement of
ejection velocity is met only within a ~ 2 o region, whereas the lateral motions are small
enough with margin. The allocated volume is never left by any of the 100,000 samples.
Fig. 8 complements the results summary with a heat map on the left, and a random selec-
tion of samples on the right. Here, the cuboid envelope of the rover is visualized entirely. The
red lines span the allocated separation volume that the rover must not leave. The left-hand
side of Fig. 8 is a heat map of the rover location. Not only the center of mass is consid-
ered but the cuboid envelope of the rover. The large yellow portion in the middle is passed
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relative to MECSS coordinate system with simplified model. 100 bins per parameter with median, | o and 3o
regions, and nominal value depicted

through by all samples. The borders going gradually over green to blue show that fewer
samples pass through these points with the cuboid envelope of the rover. The right-hand
side of Fig. 8 are 100 samples randomly selected from the 100,000 simulation samples. The
rover cuboid envelope is shown for every 100 ms for the simulation time of 5 s.

Fig. 9 shows four parameters varied in the Monte Carlo analysis and their impact on the
rover motion after separation. This is only a small selection of results that is representative
for parameters that have influence on the ejection variables. A lot of the parameters, for
example, the rover moments of inertia, have little to no impact on any variable. The variables
velocity z and angular velocity x vary hardly at all.
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Fig. 9 is to be read as follows. The four plots are independent of each other and the order
is arbitrary. The varied parameter is on the horizontal axis, one of the six variables on the
vertical axis. The varied values are collected in 100 bins of equal size. For each bin the
median, the 1 o and 3 o regions are calculated. The green line connects the 100 medians.
The orange and blue regions connect the 1 ¢ and 3 o regions respectively. Outliers are not
shown in these plots. The yellow horizontal lines visualize the requirements on the variables,
the vertical red line visualizes the nominal value of the parameter.

e The top left shows the influence of the mass parameter on the velocity x variable, this is
the velocity along the separation direction. As expected, the velocity decreases linearly
with higher mass.

e The top right shows the influence of the spring tilt parameter on the velocity x variable.
This is the velocity along the separation direction. A tilted spring pushes the rover away
a little faster compared to the non-tilt case as expected.

e The bottom left shows the influence of the rover center of mass z parameter on the angular
velocity y variable. This is an angular velocity perpendicular to the separation direction.
While the median of the angular velocity is close to constantly zero for the whole pa-
rameter range, the 3 o region shows a somewhat linear relationship. This motivates the
effort in assembly of the rover such that the center of mass is as close as possible to the
geometric center of the chassis.

e The bottom right shows the influence of the spring tilt parameter on the angular velocity
z variable. This is an angular velocity perpendicular to the separation direction. Tumbling
is almost nonexistent on close to zero tilt but measurable otherwise. After a large enough
tilt has been reached, a further increase does not result in more tumbling. Here too, the
simulation recommends to assemble the hardware such, that tilt of the POM is minimal.

Some more interesting results not shown in Fig. 9 are:

e The velocity x variable increases linearly with the increasing spring constant as expected.

e Similarly, if the induced energy from the HDRM is higher, velocity and angular velocity
are higher.

e The relationship between the location of the rover center of mass in x and y and the
motion of the rover is very similar to the one of the rover center of mass in z shown in the
lower left plot of Fig. 9.

e The parameters varied in the first iterations that showed the largest influence, are not in
the latest Monte Carlo set. Allowing active movement of the MMX mothership, i.e., ac-
tuation of thrusters, can cause the rover to violate the requirements much. This possibility
was considered in the first Monte Carlo analysis after the experience of Hayabusa and
MINERVA [15], but JAXA affirmed that separation of rover and mothership will only be
done in stationary conditions. The mothership will not perform maneuvers minutes before
and after separation if not in an emergency situation.

4.2 Monte Carlo analysis with a detailed simulation model

The simulation model for the Monte Carlo analysis above has many simplifications. Hav-
ing more detail, such as nonideal HDRMs that do not completely lock any movement when
closed, slows down the simulation speed much, about 10 times compared to the simplified
model. Thus, a complete Monte Carlo analysis with all 100,000 samples is not possible
in reasonable time with normal office hardware in the development phase. The complete
analysis is done only once the number of varied parameters is final and the ranges for these
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Fig. 11 MECSS Monte Carlo result overview, detailed model, velocity and angular velocity of Rover coor-
dinate system relative to MECSS coordinate system

parameters are relatively tight. The drawback is that the full analysis comes late in the de-
velopment and thus has only marginal impact on the flight hardware. To counteract this
drawback, simulations with the detailed model on a reduced number of samples are done
earlier to have preliminary results.

4.2.1 Preliminary results

Preliminary results with the detailed simulation models are generated during the develop-
ment phase with only one random parameter while the others are fixed on the nominal val-
ues. These results in general confirm the conclusions taken from the complete Monte Carlo
analysis with the simplified model, especially regarding the parameters that have an impact
on the results. For example, the same linear relationships between ejection speed and rover
mass and between ejection speed and spring constant are visible.

One important preliminary result, that the rover center of mass must be close to the
geometric center of the rover, is summarized in Fig. 10. Note, that this figure is generated
with a much earlier model iteration and thus is not directly comparable to the other results
presented in this report. Still, this is a strong argument in favor of assembling the chassis
such that the center of mass is as close as possible to the geometric center. This property is
also useful for driving and thus is in line with other chassis design goals.

4.2.2 Complete Monte Carlo analysis results

The results of the complete Monte Carlo analysis with the detailed model are presented
in the same way as the results of the simplified model. Fig. 11 shows again the velocities
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MECSS Monte Carlo Analysis, Heat Map

2
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1‘752.00 -1.00

Fig. 12 MECSS Monte Carlo result: allocated volume, heat map (left), a few samples (right), detailed

and angular velocities box plots. If not for the outliers, that somewhat blur Fig. 11, the box
plots are actually very similar to the box plots of Fig. 7 with the exception of the velocity
z variable. For example, the zoom-in (not shown) of the velocity x variable reveals that the
median is at —0.206 ms~', the 1 o range is —0.212 ms~' to —0.201 ms~! and the 3 o
region is —0.229 ms~! to —0.189 ms~!, not unlike the values of Fig. 7. Of the 100,000
samples simulated, 856 are outliers for the velocity x variable, all on the lower end, i.e.,
where the separation velocity is much higher than required. 54 samples have a separation
velocity below —0.4 ms~!, 17 samples have a separation velocity below —0.5 ms~'. The
minimum value is —0.742 ms~'. The numbers of outliers in the other box plots of Fig. 11
are in the same order of magnitude, with the exception of the velocity z variable. Velocity z
is critical because the whole box is outside the requirements. More precisely the 3 o region
is —0.0391 ms~! to —0.0315 ms~!, lower than the required —0.02 ms~' t0 0.02 ms~!.

Fig. 12 repeats the heat map (left) and a few samples (right) for every 100 ms for the
simulation with the detailed MECSS model. 454 of the 100,000 samples violate the ejection
volume at some place, none of them is in the random sample selection of the right-hand side
of Fig. 12.

Fig. 13 repeats Fig. 9 for the analysis with detailed model. One can see that the regions
between 1 o and 3 o in all result plots are larger, with no trends visible any more. Further-
more, the peaks through the entire parameter range indicate that the number of samples for
this Monte Carlo analysis should be a lot larger to catch all effects with high probability.
Therefore, the following discussion is to be taken with care.

e The linear relationships between mass, respectively spring constant, and velocity x coor-
dinate are still present and consistent with the simplified simulation model.

o Similarly, the robustness of the result on the rover center of mass and moments of inertia,
still holds.

e One difference between the simplified and detailed model is, for example, that tumbling
is less affected by the spring tilt. This is, not well, visible in both right plots of Fig. 9 and
Fig. 13.
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MECSS with detailed HDRM Monte Carlo Analysis, 1s After Separation
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Fig. 14 Box plots of the six variables, velocity (left) and angular velocity (right), x (top) and y (middle) and
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opens in the Monte Carlo random sequence with the detailed model, HDRMO is top left, HDRMI1 is bottom
left, HDRM2 is bottom right, HDRM3 is top right in Fig. 4

The reason for this very different result mainly comes from the additional parameter in
the Monte Carlo set: the delay in HDRM opening. The four independent random delays
lead to a random opening sequence of HDRMs. The uniform random numbers, see Table 1,
ensure that all 24 possibilities are simulated an equal number of times. It turns out that the
opening order has the most important impact to create outliers, especially the last HDRM
that opens is critical. Fig. 14 shows box plots of the six variables (Sect. 2.3) depending on
which of the four HDRMs is the last one in the random opening sequence. That HDRM3
causes different motion than HDRM2 and HDRM1 is easily visible in Fig. 14. Although it
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is not very well visible, HDRMO also causes more outliers than HDRM1 and HDRM?2. The
explanation for this is best explained considering the right drawing of Fig. 4. The POM is not
exactly in the geometric center of the MECSS, thus it is not aligned with the nominal center
of mass of the rover. Therefore, there are significantly more cases where the last HDRM
that opens and the POM are on the same side (from top to bottom) with respect to the rover
center of mass, also a parameter of the Monte Carlo analysis. In these cases, the combined
action of the POM and the impulse on HDRM opening cause a greater deviation from the
nominal case than other combinations of random variables.

The number of outliers and the peaks in the result plots indicate that the number of
samples for this analysis is too small to give statements with confidence. A repeat of the
analysis with detailed simulation model and a much larger number of samples is outside
the scope of this work. Additionally, the impact of this final MECSS analysis on the rover
project is minimal at the late stage of rover development compared to the other simulation
activities.

4.3 Discussion

In addition to the trends and uncertain parameter impacts related in the preceding subsec-
tions, results must also be discussed in relationship to each other and in terms of generaliza-
tion of the methods and tools to similar multibody system dynamics problems.

As already said, the results of the detailed simulation are not merely the results of the
simplified model with larger spread by a common factor. The 1 ¢ and 3 o regions and
the median have very similar values for the relevant variables velocity x (the velocity with
which the rover flies away) and the three angular velocities that describe the tumbling of the
rover about itself. The difference is in the much larger number of outliers when simulating
with the detailed model. Most of them come from the four HDRMs not opening at the exact
same time. This creates many more outliers, especially when HDRMs on the same side
than the POM with respect to the rover center of mass are the last in the random sequence
to open. The many outliers also reduce the confidence in results and explanations for the
differences between the full Monte Carlo analyses with simplified and detailed simulation
models. To get more unambiguous results would require a much larger sample size. This
extended Monte Carlo analysis was not done in accordance with the rest of the rover team
because of the good results of the simplified model and the late advancement in the rover
development phase. For the same reasons, and because other questions to the simulation
have become more important, other methods such as Latin hypercube sampling have not
been considered either.

Although the detailed simulation model considers more aspects of the whole multibody
system, it is not sure whether this actually is closer to ground truth. If the hardware elements
behave as given in fact sheets and as expected by the team, the ejection must be very close to
the nominal case. What happens in off-nominal cases is difficult, if not impossible, to know
beforehand or test with confidence because of limited varied sample capabilities. Hence the
simulation analysis, but also this is subject to many assumptions and unknowns that will
only be resolved once the rover in fact will be deployed on Phobos.

5 Conclusion and future work

This report shows the practicality and versatility of the rover simulation activities done at
DLR’s institute of System Dynamics and Control with an important real-world example. A
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critical mission phase is analyzed in detail using a Monte Carlo approach to give statistically
sound statements about the chance of success and about constraints violation depending on
numerous parameters that are not known exactly. Furthermore, the results show which of
these parameters have an impact on the separation and which have not. The most impactful
parameters, when assuming that one closed HDRM completely locks any movement, are
mass and mass center of the rover to be ejected and the constant of the spring that pushes
the rover away from the mothership. Parameters such as the tilt of the spring, have little to
no impact on the results. If the HDRMs are nonideal, the opening delay and the position of
the last HDRM that opens with respect to the POM, become relevant. While the median and
1 0 and 3 o regions are not much affected, many more outliers are present, especially if the
last HDRM that opens is one the same side than the POM with respect of the rover center
of mass. This simulation analysis is an important activity in the design and development of
the MECSS, the device provided by the rover team to the JAXA mothership to connect the
rover during cruise, because laboratory tests can only be made to a certain extent on Earth
and only for a very small number of samples at nominal parameter values.

In a broader sense, this report shows one example of the methods and tools developed
by DLR’s institute of System Dynamics and Control in the last years. They are of practical
interest and cover a very large area of applications in design and development of planetary
exploration rovers. The methods and tools can easily be applied to any other similar research
question. The present analysis is just one example out of many, where the MMX rover
profited much from the simulation activity. Only the close cooperation of engineers from all
fields, subsystems and simulations could lead the fast but still correct qualification of the
rover to a success. Of course, the final judgement, whether in fact the simulation is correct
in confirming the safety of the rover and mothership separation, will have to wait the real
rover deployment on Phobos in 2028.5 Once this has been done and data has been returned
to Earth, a validation of the models will be undertaken.
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