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ABSTRACT

This study focuses on the creation of a digital twin of a space
exploration rover to perform damage detection. The digital
twin incorporates various subsystems of real rovers to accu-
rately simulate the rover’s behaviour. Damage detection is
performed by introducing damages into the digital twin and
comparing signals obtained in healthy and damaged condi-
tions. By using the multiphysics model created by integrating
different subsystems, the effect of damages can be observed
in other subsystems of the rover. The study aims to demon-
strate the potentiality of a digital twin for damage detection,
reducing the risk of mission failure and data loss.

1. INTRODUCTION

In recent years, space exploration efforts have increasingly
focused on the surface exploration of planets and satellites
such as Mars and the Moon. This has been made possi-
ble through the use of rovers, which are capable of travel-
ling across celestial bodies and conducting research activi-
ties. However, completing missions can be challenging, and
problems must be addressed promptly to avoid the loss of sci-
entific data or even the rover itself. Given the limited commu-
nication capabilities with Mars (Olson, Matthies, Wright, L1,
& D1, )), for instance, anomalies must be detected quickly, as
there is no possibility of on-site human intervention. To face
this problem, NASA started developing physical twins of its
rovers, such as MAGGIE and OPTIMISM for Curiosity and
Perseverance, respectively (Cook, C., Johnson, & Hautalu-
oma, |) (Castelluccio, ). At the same time, NASA and Siemens
worked on a digital twin of Curiosity to analyse and solve
heat dissipation problems caused by the Multi-Mission Ra-
dioisotope Thermoelectric Generator (MMRTG) using Sim-
center 3D (M.L.T.| ). Similarly, the European Space Agency
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(ESA) developed both a digital and a physical twin, called
Amalia, for the Rosalind Franklin rover of the ExoMars mis-
sion to face possible issues that will arise (ESAL |). Thus,
digital twins and physical replicas are extensively used for
space exploration rovers, mainly to analyse and face prob-
lems and to test control commands before sending them to
the real rover. In this framework, the project ”"DIGital twin
di sistemi di Esplorazione lunare” (DIGES), in collaboration
between Politecnico di Milano and Agenzia Spaziale Italiana,
proposes a feasibility study for the application of digital twins
for future space exploration rovers. Therefore, this study aims
to create a digital twin of a space exploration rover using the
MATLAB®-Simulink® environment and to use it to perform
damage detection by simulating damages within the model.
This strategy helps the interpretability of future, and maybe
black-box, damage detection algorithms since the latter will
be based on multiphysics databases, generated ad-hoc by in-
jecting damage models in the digital twin. The digital twin
incorporates various subsystems of real rovers, such as the en-
ergy harvesting system (batteries and solar panels), the driv-
eline, the robotic arm, and the heating and cooling system,
with all their interdependencies modelled. By doing so, it
is possible to simulate the rover’s behaviour in a lunar envi-
ronment accurately, even if the model can be easily adapted
to different celestial bodies. Damage detection is performed
by introducing damages into the digital twin and comparing
the signals obtained in healthy conditions with those obtained
in damaged conditions. By using the multiphysics model
created by integrating the different subsystems, the effect of
damages and anomalies can be observed in the other subsys-
tems of the rover as well. In summary, this study aims to
demonstrate the effectiveness of a digital twin for damage de-
tection in space exploration rovers, which could significantly
reduce the risk of mission failure and data loss.
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2. SPACE EXPLORATION ROVER DIGITAL TWIN

A digital twin can be defined as a virtual representation of a
system that spans its lifecycle, is updated from real-time data,
and uses simulation, machine learning and reasoning to help
decision-making (Armstrong |). For this study, a real space
exploration rover, e.g., Curiosity, has been taken as a refer-
ence and then it has been modified according to the charac-
teristics of the lunar environment. The digital twin has been
developed in the MATLAB®-Simulink® environment to ex-
ploit the advantages given by the block-based modelling ap-
proach to represent real system behaviour at a very detailed
level and to build multiphysics models thanks to the Sim-
scape® toolbox.

2.1. Digital twin architecture

The digital twin has been developed starting from a Math-
works base model of a Martian rover (Miller, J). This model
considered only the structural components of the NASA rover
Curiosity (e.g., chassis, suspensions, wheels, and robotic
arm), the driveline motors, and the control algorithm for both
cruising and sampling, but it did not implement the robotic
arm motors, the energy harvesting and storage system, the
heat rejection system, and the communication system. Thus,
the model has been first adapted to the lunar environment by
modifying the parameters of motors and gearboxes, and the
external parameters such as gravity. Then, the model has been
expanded by introducing the aforementioned subsystems.
The datasheets of the real components have been used for
building a digital twin that is as close as possible to real sys-
tems:

* The solar panels implemented are the 30% Triple Junc-
tion GaAs Solar Cell - Type: TJ Solar Cell 3G30C
— Advanced, by AzureSpace® which are mounted on
the ESA rover Rosalind Franklin (Ferrando et al.|
) (AzureSpace®| |).

* The batteries are the MP 176065 xtd of Rosalind
Franklin rover and are made by Saft®, they are Li-ion
rechargeable batteries developed for extreme working
conditions (Saft®, )).

e The motors modelled are the Maxon® DC M32
ones (maxon®, |) used on both Perseverance and Ros-
alind Franklin (maxon®, )). A total of 16 motors have
been included in the architecture, of which 4 are used as
steering motors, one for each of the front and rear wheels,
6 are used as driving motors, and the remaining ones en-
able the movement of the robotic arm.

» The gearboxes are the pericyclic gearboxes that have
been developed by NASA for Perseverance’s wheels and
robotic arm to allow precision positioning, high output
torque, lower speed and lower inertia, and thus, low gyro-
scopic loads and low bearing loads (Krantz & Cameron)

).

Concerning the heat rejection system, which is the rover’s
subsystem devoted to keeping its components in the working
temperature range, it consists of active and passive compo-
nents. The active components are the electric heaters, which
are placed close to components that remain in a limited tem-
perature range, such as motors and batteries, and thus the
heaters are turned on and off depending on the temperature of
the latter. The electric heaters included in the model are four
per motor (Kempenaar et al., ), for a total of 64 heaters, and
12 for the battery pack and the Warm Electronic Box (WEB),
which is the inside of the chassis of the rover where all the
electronics are placed to be kept at the right temperature.
Moving on to the passive components, they are required to
avoid overheating the rover, with the only exception rep-
resented by the Radioisotope Heating Units (RHUs) which
are located both in the rover’s WEB and close to the batter-
ies (NASAL ) (Hatakenaka et al.} ). They are a constant source
of heat thanks to the decay of isotopes and, considering solar-
powered rovers, RHUs are crucial because they allow heat-
ing without turning on electrical heaters, thus saving battery
power, especially during night-time when the rover cannot
rely on solar panels. Besides the RHUs, there are:

* An external SI3GP6NLO-1 white painting to minimize
radiation heat transfer (Bradford, Rabinovitch, & Abid,
), that is the one used on Perseverance.

* An insulation layer made of a COy gas cap,
as for Curiosity, Perseverance, and Rosalind
Franklin (Hatakenaka et al | ).

¢ Thermal switches, heat pipes, thermal straps, thermal in-
terface materials, and phase change materials (Weston, )
that are used to dissipate heat.

The aforementioned components are modelled in Simulink®
according to the existing libraries of the Simscape® toolbox
and by setting the blocks’ parameters according to the avail-
able datasheets, in particular:

e The DC motors are represented by the Motor & Drive
(System Level) blocks.

¢ The Simple Gear blocks model the pericyclic gearboxes.

* The solar panels are modelled with the Solar Cell blocks.

* The Behavioral Battery Model blocks represent the bat-
teries.

* The RHUs are represented by constant Heat Flow Rate
Source blocks producing 1.1 W each.

¢ The electric heaters are represented by Heat Flow Rate
Source blocks which generate either OW or 43W depend-
ing if the component temperature is respectively above or
below 278.15K.

* The effect of the painting is modelled by adjusting the
parameters of the Radiative Heat Transfer blocks.

e The Conductive Heat Transfer blocks simulate the C'O4
insulation layer.
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* The passive components required for cooling are mod-
elled according to the thermal conductance curve of the
PGS thermal straps presented in (Weston, |), in which the
cooling power depends on the temperature of the compo-
nents to which they are connected. Thus, they are mod-
elled as Heat Flow Rate Source blocks generating nega-
tive thermal power to cool the components depending on
their temperature.

An overview of the space exploration rover digital twin is
shown in Figure|l| where the aforementioned subsystems are
modelled and interconnected: the effect of temperature on
motors and batteries is considered and all the subsystems are
connected to the Power subsystem, e.g., the energy harvest-
ing and storage system, to allow the correct functioning of
motors and electric heaters. Noises are added numerically in
Simulink® to account for uncertainties and noises of the real
system.

2.2. Digital twin functionalities

The space exploration rover digital twin described can cruise
and perform sampling operations. In this context, a commu-
nication system has been implemented to send messages after
mission tasks such as the start of the mission, the end of the
cruising, the successfulness of the sampling operation, and
the storage of the sample. The digital twin can also be used
for non-operative purposes, such as during the night when a
rover that relies on solar panels limits the capabilities to save
batteries’ life. In this scenario, the digital twin can be used to
evaluate the evolution of the temperatures of the several com-
ponents of the rover, also checking the correct functioning of
the electric heaters. Thus, using the digital twin for prognos-
tics and health monitoring seems obvious. To perform health
monitoring, damages have been implemented in the model
thanks to the flexibility of Simulink® blocks, as will be seen
in the next section.

3. DAMAGE IMPLEMENTATION

Since the digital twin must cover the life of the rover, it must
be able to replicate the rover’s behaviour in both healthy
and anomalous conditions since damages can occur during
the mission, as already happened for the NASA Martian
rovers. For example, Opportunity’s right-front wheel actua-
tor jammed due to a gearbox jam and the wheel was stuck
and rotated at 7°, while the azimuth actuator of Opportu-
nity’s robotic arm resulted in fault due to a motor winding
break (Callas, ). Another example is given by the Pathfinder
mission (e.g., the Sojourner rover) for which NASA has es-
timated a degradation rate of 0.28% per sol only due to
dust deposition on solar arrays (Landis, Kerslake, Jenkins,
& Scheiman, ), this problem is also known as soiling. Soil-
ing can also cause erosion of the anti-reflection coatings that
are used to avoid the 4% optical loss of incident light due to
reflection (Aghaei et al., ). Thus, in this section, some simu-

lations in a damaged rover scenario are presented in diurnal
operating conditions, under the assumption that missions are
conducted when there is energy production by the solar pan-
els to preserve battery life. It is worth stating that implement-
ing damages in the digital twin helps both develop damage
detection algorithms and enhance their interpretability.

3.1. Driving motors anomalies

In this section, the analysis is going to focus on motor fail-
ures that happen during the mission, in particular, the failure
implemented is a short circuit and it is set to happen after 60s
from the beginning of a mission in which the rover cruises
along a path which comprehends both straight and curved
sections. The short circuit is an anomalous condition that can
be due to sudden voltage shocks, long-term exposure at high
temperatures, and insulation drop. When a motor breaks or is
damaged and cannot work, it gets stuck. This means that the
corresponding wheel cannot drive or steer anymore or that
the robotic arm loses some degrees of freedom. Generally,
the rover can continue to operate with a wheel stuck but it de-
pends on the stall position of the wheel if the damaged motor
is a steering one since a failure of one or more steering ac-
tuators with the wheels far from straight would compromise
not just steering, but straight driving as well (Callas, ). Look-
ing at Figure[2] it is possible to see that the middle motors on
both sides and the rear motor on the right side supply the extra
torque required for driving due to the lack of torque from the
left-rear motor. This behaviour is reflected by an increase in
the absorbed current by the aforementioned motors, with the
greatest contribution given by the left-middle driving motor,
which is on the same side as the faulted motor. The main dif-
ference between the steering motors’ absorbed current is due
to the increase in mission duration of 7s. However, a signifi-
cant deviation in the absorbed current of the left-rear steering
motor is shown in Figure |3] which is the same wheel of the
faulted driving motor.

3.2. Solar panels anomalies

This section is going to focus on the anomalies of solar pan-
els. In particular, the focus is set on the regolith coverage of
the solar arrays, on the possible thermal cracking caused by
the extreme temperature difference between lunar day and lu-
nar night, and on general malfunctions. The anomalous con-
ditions are modelled with a solar panel efficiency loss. Two
efficiency reductions have been considered: a mild loss of
30% of efficiency and a severe loss of 50%. The power gener-
ated by each solar panel is shown in Figure[d]for both healthy
and damaged conditions. In particular, the first central fixed
panel shows the greatest power reduction, which is the one
with the larger exposed surface.
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Figure 1. Overview of the functional subsystem of the space exploration rover digital twin

3.3. Electric heaters anomalies

This section is going to focus on the anomalies of electri-
cal heaters. The simulated conditions are one of the heaters
stuck on during the lunar day (worst case for heat dissipation).
Since the motors’ behaviour is not affected by the malfunc-
tion of a specific electrical heater, and the same is true for
the temperature of components far from the faulted electri-
cal heater, the focus is set only on the temperature difference
between the healthy and the damaged condition for each spe-
cific component. The results are shown for the robotic arm
motors in Figure 5] and it is possible to see that the motors’
temperature rise is extremely fast since it exceeds the allowed
working temperature range in a small period.

4. DISCUSSION

This framework proves that it is possible to detect anomalies
by exploiting a digital twin capable of real-time operations
for damage detection purposes and that the latter can be used
to create a database and train machine learning algorithms,
such as support vector machines, to detect damages in real
time.

The simulation results show that an anomaly in one motor af-
fects the other motors, even those devoted to steering instead
of driving. It is worth noticing that the digital twin seems
to be very sensitive concerning failures of the rear motors
and that one can distinguish an anomaly of the current sensor
from motors’ anomalies by looking at the current absorbed
by all the motors. Moving on to the solar panels, the rover
proved to be robust with respect to anomalies such as lunar

regolith deposition thanks to a redundant design, since the
rover is still able to complete the mission even with a severe
efficiency loss. Eventually, malfunctions in electric heaters
cause a fast rise in motors temperatures, causing the motor to
be out of use.

5. CONCLUSION

This work focused on the usage of digital twins for damage
detection purposes in space exploration rover applications,
which are high costs and high risks systems due to their
operative condition. The results presented address the
anomalous conditions of driving motors, solar panels, and
electric heaters, but the digital twin described can be used
for implementing several damages to the various subsystems.
Future applications may be regarding the creation of a
database for machine learning algorithms to perform damage
detection or implementing model updating algorithms to
enable real-time autonomous damage detection. In general,
this study proposes a fertile framework for developing digital
twins to help understand the behaviour of real systems, with
the help of existing physical twins. Being a preliminary
feasibility study, no validation and verification are foreseen
in this stage. However, if the project will continue there will
be space for the validation of the digital twin performances,
allowing also to enhance the observation of anomalies effects.
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Driving motor absorbed current: healthy vs damaged
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Figure 2. Driving motors absorbed current when the left-rear wheel driving motor is faulted.

Steering motor absorbed current: healthy vs damaged
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Figure 3. Steering motors absorbed current when the left-rear wheel driving motor is faulted.

FUNDINGS

The work is part of the Project DIGES: DIGital twin di
sistemi di ESplorazione lunare, funded by ASI - Agenzia
Spaziale Italiana, under the ”ACCORDO ATTUATIVO n.
2021-41-HH.0 NELL’ ALVEO DELL’ ACCORDO QUADRO
ASI-POLITECNICO DI MILANO n. 2016-27-H.0”.

REFERENCES

Aghaei, M., Fairbrother, A., Gok, A., Ahmad, S., Kazim,
S., Lobato, K., ... Kettle, J. (2022, 02). Review
of degradation and failure phenomena in photovoltaic
modules. Renewable and Sustainable Energy Reviews,
159, 112160. doi: 10.1016/j.rser.2022.112160

Armstrong, M. M. (n.d.). Cheat sheet: What is Digital Twin?
(Available online.)

AzureSpace®. (n.d.). SPACE Solar Cells. (Available online.)

Bradford, E., Rabinovitch, J., Abid, M. (2019). Regolith
particle erosion of material in aerospace enviornments.
In leee aerospace conference.

Callas, J. L. (n.d.). Mars exploration rover spirit - end of
mission report (Tech. Rep.). NASA.
Castelluccio, M. (n.d.). \[nterplanetary Twins,

online.)

Cook, J.-R., C., A. D., Johnson, A., Hautaluoma, G. (n.d.).
NASA Readies Perseverance Mars Rover’s Earthly
Twin, (Available online.)

ESA. (n.d.). [ExoMars rover testing moves ahead and deep
down, (Available online.)

Ferrando, E., Zanella, P., Riva, S., Damonte, G., Romani, R.,
Ferrante, L. (2016). Photovoltaic assemblies for the
power generation of the exomars missions. In Euro-
pean space power conference.

Hatakenaka, R., Fujita, K., Nonomura, T., Takai, M., Toyota,
H., Satoh, T., Sugit, H. (2015). Preliminary thermal
design of the japanese mars rover mission. In Inferna-
tional conference on environmental systems.

Kempenaar, J. G., Novak, K. S., Redmond, M. J., Farias, E.,
Singh, K., Wagner, M. F. (2018). Detailed surface
thermal design of the mars 2020 rover. In International
conference on environmental systems.

(Available


https://www.ibm.com/blogs/internet-of-things/iot-cheat-sheet-digital-twin/
https://www.azurspace.com/index.php/en/products/products-space/space-solar-cells
https://sfmagazine.com/technotes/2021/march/interplanetary-twins/
https://www.nasa.gov/feature/jpl/nasa-readies-perseverance-mars-rovers-earthly-twin
https://www.nasa.gov/feature/jpl/nasa-readies-perseverance-mars-rovers-earthly-twin
https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ExoMars_rover_testing_moves_ahead_and_deep_down
https://www.esa.int/Science_Exploration/Human_and_Robotic_Exploration/ExoMars_rover_testing_moves_ahead_and_deep_down

Asia Pacific Conference of the Prognostics and Health Management Society 2023

Solar panels generated power: healthy vs damaged
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Figure 4. Solar panels output power under healthy, mild damaged and severe damaged conditions.

Robotic arm motor temperature: healthy vs damaged
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