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Abstract: The lunar lava tubes are envisioned as possible hosting structures for a human base in the
Moon’s equatorial regions, providing shelter from radiations, micrometeoroids, and temperature
excursion. A first robotic mission is set to scout the habitability of these underground architectures in
the near future. The communication inside these underground tunnels is heavily constrained; hence,
the scouting system should rely on a high degree of autonomy. At the same time, the exploration
system may encounter different types of terrain, requiring an adaptable mobility subsystem able
to travel fast on basaltic terrain while avoiding considerable obstacles. This paper presents a cave
explorer’s mission study and preliminary sizing targeting the lunar lava tubes. The study proposes
using a hybrid mobility system with wheels and thrusters to navigate smoothly inside the lava tubes.
The peculiar mobility system of the cave explorer requires an accurate study of the adaptability of its
control capabilities with the change of mass for a given set of sensors and actuators. The combination
of conceptual design techniques and control assessment gives the engineer a clear indication of
the feasible design box for the studied system during the initial formulation phases of a mission.
This first part of the study focuses on framing the stakeholders’ needs and identifying the required
capabilities of the cave explorer. Furthermore, the study focuses on assessing a design box in terms of
mass and power consumption for the cave explorer. Following different mission-level assessments,
a more detailed design of the cave explorer is discussed, providing an initial design in terms of
mass and power consumption. Finally, the objective shifts toward studying the performances of
the guidance, navigation, and control (GNC) algorithms varying the mass of the cave explorer. The
GNC significantly impacts the design box of the surface planetary system. Hence, investigating its
limitations can indicate the feasibility of mass growth to accommodate, for example, more payload.

Keywords: MBSE; GNC; MRAC; space systems design; lava tubes; lunar hopper; adaptive control

1. Introduction

The conceptual and preliminary design of systems exploring underground planetary
caves brings different challenges, mainly related to autonomy and mobility subsystem
capabilities. Autonomy impacts the overall operability of the system and how the human
operators interact with it, as detailed in Ref. [1]. At the same time, the mobility subsystem
characteristics define the amount of space the system can cover and its capacity to avoid or
overcome obstacles [2,3].

The level of autonomy is usually defined during the pre-formulation and formulation
phases [4] through the concept of operations (ConOps) analysis. ConOps has established
itself as the analysis to help design autonomous systems during conceptual design, as
highlighted in Refs. [5,6]. The ECSS (European Cooperation for Space Standardization)
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standard defines four levels of autonomy on a scale from E1 (real-time control) to E4 (goal-
oriented operations) [1]. The mission toward the lava tubes should be highly autonomous,
requiring at least level E3 (adaptive mission operations onboard). It is not rare that a system
is designed to operate under different levels of autonomy, as analyzed in Ref. [7–9]. In this
investigation, the overall mission design study is model-based. Hence, use-case diagrams
are used to visualize the mission objectives and the system’s operational capabilities.

Beyond defining the mission concept and a feasible design box, the study investigates
the impact of the guidance, navigation, and control (GNC) algorithm and hardware on the
design box. As the system matures after the initial conceptual study [4] (main interest of
this study), it is crucial to know the boundaries of its design so that possible growth in mass
can be easily accommodated. The preliminary system mass, estimated with parametric
formulas, is iterated during the following design phases to accommodate the effective
mission payload and equipment. The objective is to avoid costly and time-consuming
system redesigns from scratch while rapidly understanding how the introduced changes
will impact its performance. In the study case of this paper, the studied cave explorer is
a hopper with a hybrid mobility subsystem joining wheels and a thruster. Beyond the
payload, the mobility subsystem provides most of the constraints to the analyzed design.
During the semi-ballistic hop, the navigation sensors and control actuators allow the system
to follow a pre-designed optimal trajectory (previously studied in Ref. [10]). This hardware
set limits the system’s growth capacity in terms of mass.

Hence, this paper presents a method to estimate hardware-imposed limitations during
the formulation phases through an adaptable control algorithm. The algorithm allows
the evaluation of the controller’s performance due to variations in the design parameters.
The paper proposes a typical control scheme to guide the hopper on the nominal optimal
trajectory based on PID logic. At the same time, the adaptive control varies the gains of
the PID to compensate for the changes in mass and inertia due to the varying parameters.
As previously hinted, an advantage of integrating GNC assessment and initial design
phases is characterizing the payload size and weight limits. Moreover, a straightforward
GNC loop provides an immediate perception of the feasibility of the maneuver with the
selected sensor/actuator suit. It provides an invaluable aid in the sensors’ sizing and the
vehicle’s actuation.

The target environment for the designed mission is the one inside a lunar lava tube.
Subsurface cavities and lava tunnels could be invaluable for scientific and exploration
purposes. They represent opportunistic study targets for planetology, geology, and clima-
tology, allowing observation of the lunar materials undisturbed by external sources such as
solar wind deposits and meteorites [11]. Moreover, they can double as bases for human
exploration missions, sheltering the astronauts from radiations [12], micrometeoroids, high-
temperature excursions [13], and regolith dust [14–16]. Appendix A provides an in-depth
overview of the lunar lava tubes’ identification and peculiarities.

This paper contributes to the state of the art of planetary surface system design
as follows:

• presenting the conceptual design of a cave explorer with a hybrid mobility system
(including a trade-off on different types of mobility) targeting the lunar lava tubes;

• investigating in depth the performance of the Guidance, Navigation, and Control
(GNC) design on the overall design box for the cave explorer.

After this brief introduction to the scope of this research, the remainder of the paper is
structured as follows: Section 2 provides an overview of different studied mission concepts
targeting the lunar lava tubes and the employability of adaptive control in hopping robots;
Section 3 briefly presents the systems engineering methodology and the control algorithm
employed in this paper; Section 4 presents the results of this study; Section 5 summarizes
the main outcomes of the study, its possible extensions, and its employability on other
types of systems.
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2. Related Studies
2.1. Lunar Lava Tubes Exploration: Proposed Studies

Mission concepts developed for the exploration of lava tubes aim to access these
underground tunnels through skylights. The skylight is a collapsed part of the tunnel
ceiling, the only access to a tube located many meters below the lunar surface [3,17]. The
lava tube’s floor below the skylight may present an uneven terrain because of the collapsed
ceiling, while inside the lava tubes, the basaltic terrain should be pretty flat [3]. The
robots that journey within the lava tubes should explore autonomously with little or no
communication link with Earth, employing different mobility solutions. For example, the
robotic systems may need to leap, fly, or rappel into voids [3]. The distance that must
be traveled inside the lava tubes to observe a significantly different environment from a
scientific standpoint is highly dependent on the morphology of the tunnel. However, based
on the analysis of Ref. [3], it may be sufficient to get beyond the twilight zone, which is
the transition between areas that are illuminated for some period of the day as the sun
transits overhead and areas of constant darkness. This region is believed to already present
interesting variations inside the tube in terms of potential to support life, volatile contents,
and geological features [3]. On the other hand, Ref. [18] wishes to explore further inside
the lava tubes, having as its objective to venture inside the tunnel for up to 200 m. The
analyses by Refs. [19,20] state that a tunnel buried 50 m under the lunar surface should
remain stable up to around 3.5 km. Therefore, venturing deeper into the lava tubes should
not pose safety constraints regarding possible rock falls while exploring.

In Ref. [3], the NASA Innovative Advanced Concept Team (NIAC) proposed different
mission concepts for lava tube exploration, covering a broad spectrum of possibilities.
The most promising mission concept employs different systems: (i) A propulsive lander,
(ii) three Cavehoppers robots, and (iii) a Livewire robot. The lander flies over the skylight
during descent, scanning the terrain with LiDAR and capturing reconnaissance imagery.
It then deploys three Cavehoppers, a hybrid rover able to leap into the lava tubes thanks
to its piston-powered hopping actuators [3]. Another robot, Livewire, is deployed and
makes a tethered descent into the skylight. Livewire brings a direct connection to the
lander’s communication system, the capability to beam power, and camera and LiDAR
sensors to provide reconnaissance and track Cavehopper robots during their exploration [3].
Similarly, ESA (European Space Agency) launched a campaign for innovative proposals
regarding planetary cave exploration [21]. The study results of this ESA campaign can be
found in Ref. [18]. The core mission concept proposed by ESA leverages the Daedalus [22],
a spherical robot. The robotic sphere uses a rolling system to move in the lunar lava
tubes, and it is lowered into the lava tube skylight by a mechanical crane called the
Robocrane [23]. The Robocrane provides beam power and a communication relay for the
cave-exploring robots. Instead, the University of Arizona suggests a lower-cost mission
focusing on spherical thrust-hoppers [24–26]. The small spherical robots (3 kg per 30 cm of
diameter) have the ability to both roll and perform small thrust-powered flights. A similar
mission concept is proposed by Ref. [27], advocating using a massive team of expendable
robots to explore subsurface voids. These robots are self-contained spherical jumping
robots weighing around 100 g and with a diameter of about 100 mm. The reasoning
behind this development is that typical planetary wheeled rovers are not well adapted
to handle extremely difficult terrain or access highly sloping surfaces. At the skylight,
where the ceiling collapsed, the exploration system is expected to meet rough terrain [27].
Furthermore, rovers are usually expensive, and the risk of leaving them trapped in a lunar
lava tube is too high. Therefore, Ref. [27] propose low-cost and expendable systems for the
first mission that ventures inside the lava tubes. Other studies explored small expendable
and low-cost exploration systems, like Ref. [28] with a spring-propelled spherical robot
with a total mass of 1 kg and 750 g of available weight for science instruments.

As the scientific community prepares to explore tunnels and caves on other celestial
bodies, it is interesting to research different technological solutions. This article focuses
on understanding the feasibility of a hybrid mobility system that combines wheels and
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propulsive hopping for a cave explorer. The study defines a cave explorer’s preliminary
mass budget and dimensions similarly to Refs. [3,18]. Beyond this standard analysis of
the conceptual design of new systems, this study provides a design box based on the
envisioned GNC capabilities: How much more weight or volume can we allocate to the
system without making substantial changes to its GNC subsystem?

2.2. Adaptive Control for Hopping Robots

This work proposes an adaptive control to face the parametric uncertainties intro-
duced by changing the design parameters. In the context of control theory, are all those
uncertainties introduced by unknown model parameters that may vary within a range,
such as mass, inertia, dimensions, etc. . . . [29]. For this reason, the variation of the robot’s
mass and inertia, which is considered in this case, can be modeled as parametric uncertainty
under the control perspective. The system adapts the gains of the PID control scheme,
designed for the nominal case, to regain all or most of its nominal performance.

In the literature, many studies address the control of hopping robots. Most of them ap-
ply a robust controller to jumping robots [30], using the technique of Sliding Mode Control
(SMC). For example, in Ref. [31], a hopping robot is controlled through an SMC controller.
Instead, in Ref. [32], the SMC is compared with the State Dependent Riccati Equations
(SDRE) controller, which is individuated as a possible fuel-optimal robust controller for
jumping robots. Other investigations propose non-robust control approaches, such as
in Refs. [33,34], assuming a fixed design of the system under study with a well-known
robot structure.

Unfortunately, this is not a hypothesis in this context since the system engineers are
interested in the impact of the control while heavily varying the design parameters. In this
context, the authors propose adopting a PID, one of the most diffused control approaches in
aerospace applications, according to the literature [35]. The PID gains are evaluated using
adaptive controllers, which have a great response to changes in their design parameters.
Therefore, beyond being adaptable to the design, they avoid reformulating, designing, and
tuning the overall hopping controller.

In the literature, some examples can be found of the application of adaptive controllers
to hopping robots. Most of them are applied to legged robots [36,37] and, to the best of
the authors’ knowledge, none of them is based on the Model-Reference Adaptive Con-
trol (MRAC) adaptive control technique, which is the one proposed in this paper [38].
The MRAC adaptive control technique is normally used to control helicopters [39], quad-
copters [40], or surface robots [41]. The advantage of the MRAC controller lies in its
capability to be put in parallel with a PID, which can be easily certified for flying plat-
forms [5].

3. Methods and Materials
3.1. An MBSE Approach to Mission Design

The mission design methodology adopted in this paper follows the guidelines of the
model-based approach of Refs. [42,43]. The approach is highly oriented toward both func-
tional analysis [42,44,45], and scenario-based assessments [46,47]. A functional approach
is the most appropriate to analyze different physical architectures that may answer the
mission requirements [44]. It gives the designer the freedom to come up with innovative
aerospace products without being constrained by a particular heritage. However, it also
requires some simulation tools to back up the choices made during the analysis. For ex-
ample, Ref. [42] proposes a study based on the house of quality as an aid to the trade-off
analysis at the mission level. This section will briefly discuss the main steps of the adopted
methodology. Figure 1 provides a graphical overview of the methodology.
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Figure 1. Overview of the conceptual design methodology.

The methodology laid out by Refs. [42,43] can be divided into seven macro-steps:

1. Analysis of the operative environment and the stakeholders’ needs.
2. Definition of mission statement, objectives, requirements, and constraints.
3. Definition of the system requirements.
4. A breakdown of the functions and operations of the system through ConOps and

functional analysis.
5. An initial estimation of mass and power required.
6. An initial trade-off on the analyzed mission, system, subsystem, hardware, and software.
7. A definition of the baseline design that can then be further optimized by employing

different techniques during the following design phases.

The process is both iterative and recursive [48]. The design process is iterative to
detect and correct possible discrepancies or other variations from the mission objectives
or the stakeholder’s needs [44]. On the other hand, it is a recursive process that adds
value through the repeated application of a design process at different levels: mission
architecture, system, subsystems, equipment, and components.
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The first step of the methodology is to gather the stakeholders’ expectations and needs
while analyzing the operative environment of the mission. This initial analysis defines the
mission statement, objectives, and possible constraints. They should not be iterated on, and
they will guide the design. The first mission and system requirements are directly derived
from the mission objectives and stakeholders’ needs. Requirements should be iterated
during the formulation phases of the design following the results of Functional analysis,
ConOps, system sizing, and the trade-offs. The functional analysis encompasses different
steps studied to provide a detailed functional architecture of the analyzed product [44,46].
The steps can also be considered stand-alone analyses:

1. The functional tree represents a product through the functional view. It allows
decomposing operational capabilities into the basic functionalities to be accomplished
by the studied system [44].

2. Following the functional tree, the allocation matrix is used to map functions to physical
components. It can be built simply by matching the bottom of the functional tree,
consisting of all basic functions, with rows of components able to perform those
functions [44].

3. Starting from the allocation matrix, the identified physical elements are grouped into
subsystems, systems, and segments following a bottom-up approach.

4. After identifying the mission’s or system’s physical elements, a connection matrix
matches interacting hardware elements. The objective is to identify the connection
between the different physical elements and to focus on optimizing and minimizing
them. Fewer interfaces usually equal less complexity in the system.

5. Finally, a block diagram represents the physical elements’ connections, showing the
type (power, mechanical, thermal . . . ) and their directionality.

On the other hand, ConOps is used to define the mission architecture and provide a
first overview of the system operations plan [4,49]. The ConOps include evaluations of
mission phases, operation timelines, operational scenarios, end-to-end communications
strategy, command and data architecture, operational facilities, integrated logistic support,
and critical events [46]. The operational scenarios are described through the operational
capabilities, defined as use cases, functions, activities, or actions the system needs to
perform or maintain to operate correctly. Those functions are then associated with hardware
or software. They define which elements are engaged during the different operations and
detail the modes of operation of the analyzed system. A simple way to visualize the most
critical elements of a ConOps is a design reference mission (DRM) diagram. The DRM
provides an overview of the mission phases and the interactions between the different
systems in the mission architecture. Finally, trade-off analysis employs a set of figures of
merit to provide a scoring system to evaluate different solutions. The trade-off methodology
employed in this paper follows the guidelines of Ref. [42]. Section 4.2 will detail the steps
following its application in evaluating the cave explorer’s mobility system solutions.

Following the first requirement formulation, the first design iteration defines the sys-
tem’s functional layer, physical elements, and operations. During this phase, the engineers
roughly size the physical elements in terms of mass and power budget. The first sizing is
usually based on mass estimating relationships, a size-up of similar systems, or a statist-
based approach [48]. Different hardware elements may satisfy the designed functional
architecture; hence, the systems engineers assess those budgets for different solutions. Al-
ternately, they should know the likely impact on the system budget and the complexity of
the different solutions. With the preliminary sizing inputs and the overview of the mission
operations, it is possible to assess the goodness of different solutions through a trade-off.
The process can be repeated until a satisfactory level of detail or solution is reached. The
interrogation mark in Figure 1 signals the possibility of re-iteration or the choice of stopping
at the first result of the trade-off. Usually, the design is re-iterated multiple times to refine
the baseline design and detail the requirements, slowly adding value to the final solution.
After a baseline is selected, the process can be recursively applied to different levels of
detail (system, subsystem, or component). The result of this design process is a point
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design [48] that can be further optimized with other techniques such as Multidisciplinary
Design Optimization (MDO).

The described conceptual design methodology stemming from Refs. [42,43] has been
used to define the mission objectives and constraints, to provide a first design box for
the cave explorer, and to identify the mission architecture that will enable the lava tube
exploration. These higher-level results will be briefly presented and discussed before diving
into the parametric design of the cave explorer.

The MBSE tool the authors used during the mission design definition is Genesys from
Vitech Corporation [50].

3.2. Motion Planning and Control Design

This section describes the methods used to design the Guidance, Navigation, and
Control loops. Moreover, it details how this controller may help in the design of the full
system thanks to its adaptive resilience to variations of the nominal parameters (like the
mass and inertia variations in this study’s specific application).

The first step for the design of the GNC loop is the definition of the involved reference
frames, which are the inertial reference frame (I = [O, (x, y)]) and the body reference
frame (B = [O, (xB, yB)]). In Figure 2 are reported the two reference frames and the
main quantities.

Figure 2. Reference frames and main quantities.

For the scope of the hopping maneuver, a three-degree-of-freedom model describes
the hopper dynamics. Such a model allows the guidance and control system engineer to
simplify the maneuver optimization procedure and the control system design without
sacrificing the results’ validity. Then the dynamics are formulated as in Equation (1).

ẋ = V cos(γ);

ẏ = V sin(γ);

V̇ =
T

m0
cos(α)− gm sin(γ);

θ = α + γ;

θ̈ =
M
JZ

;

(1)

where: gm is the moon’s gravity, which is equal to 1.62 m/s2, T is the thrust, M is the torque
due to the actuation, m0 is the nominal mass, JZ is the nominal momentum of inertia, α is
the angle of attack, γ is the flight path angle, and θ is the pitch angle (see Figure 2). The
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first step to designing a GNC loop is to design a desired reference trajectory, optimal in the
sense of fuel consumption and feasible. For the application of this paper, the design of the
reference hopping trajectory has been described and validated in Ref. [10].

In a lava tube, the hopper only has access to information about the height of obstacles.
This limitation is due to the environment, as the exploring vehicle is confined within a
cave and cannot gather information about the extension of obstacles from satellite images
or measurements. However, the height of obstacles can be easily determined using a
camera or LiDAR onboard the hopper. One possibility is for the vehicle to perform a
two-step jump, where the first step measures the obstacle height and initiates a sudden
hop, while in the second step, the vehicle measures, during the hop, the extension of the
obstacle and calculates the required jump length. However, the authors believe a two-step
maneuver would consume more fuel without ensuring the hopper safely completes the
jump. Therefore, the height-only-based strategy is chosen to minimize fuel consumption,
although it may lead to more failures due to shorter jumps. Moreover, the authors’ primary
focus is on using a swarm of hoppers to explore the lava tube environment, where the
survival of a single vehicle is considered less important than fuel efficiency.

During the wheeled phase, instead, the system acts similar to a conventional rover.
Therefore, standard algorithms can be used to plan the motion, such as the A* algorithm [51].
The controller is another fundamental piece of the GNC; in this scenario, three Proportional
Integral Derivative (PID) controllers are considered to control the attitude and the thrust
in the nominal ideal case (nominal masses, inertia, and no sensor noises). One of the two
controllers controls the attitude of the hopper with feedback from the θ, which provides
feedback to the attitude control (M). The other PID instead is a PID cascade, which controls
the thrust T through the feedback of the altitude of the hopper (y) and the velocity (V) in
the following. These controllers are also called baseline controllers. To clarify the nominal
control scheme, Figure 3 shows schematics of the control scheme.

Figure 3. The nominal control scheme.

Then, the PID controllers are flanked by adaptive controllers, which aim to mitigate
the change in the nominal mass and the nominal inertia due to changes in the design of
the system.

Herein is briefly presented the concept behind adaptive control in terms of transfer
functions in the Laplace domain. The baseline controller transfer function K(s), e is the
error between a general reference signal xr and measured signal x, ub is the baseline input.

e = yr − yp (2)

ub = K(s)e (3)

The adaptive loop computes the error em between the desired response xrm, expressed
in terms of the transfer function A(s) and the actual response of the plant. The error em is
then used to compute the adaptive estimate σ through the adaptive law in Equation (6).
The Equation (7) is finally used to compute the adaptive input ua.
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yrm = A(s)yr (4)

em = yp − yrm (5)

σ̇ = −ρem (6)

ua = σub (7)

The selector S is used to choose between feeding the augmented or baseline input to
the plant when adaptive control needs to be introduced in the control scheme. The presence
of the selector is a typical characteristic of the proposed control approach, and it allows the
deactivation of the adaptive control in cases of necessity. The presented framework for the
augmented control architecture scheme is displayed in Figure 4.

Figure 4. Baseline augmentation using MRAC.

4. Results and Discussion
4.1. The Lava Tubes Mission Design

The analysis of the related work presented in Section 2.1 suggests a trend toward
employing small, expendable, and highly autonomous elements inside the lava tubes.
The aim is to create a simple mission to provide the first cartography of the lava tubes.
Moreover, the mission should assess radiation levels and temperature excursions in the
skylights, twilight zone, and underground tubes. The mission would then lay the basis for
following and more complex missions, providing in-depth knowledge about the lava tube
configuration, geology, and sustainability for a human base. Based on this reasoning and
the previously analyzed state of the art, the mission statement has been defined as:

A robotic exploration mission is envisioned to map the zones in the proximity of
the skylight, identify the potential of scientific targets to be further investigated,
and assess the feasibility and safety of human presence inside lunar lava tubes.

The system would probably provide a series of images to be reconstructed on Earth
while mapping the lava tubes. This analysis would help scientists understand the appear-
ances and peculiarities of the lava tubes. In addition, it would provide the users with
valuable data for assessing the overall stability of those underground tunnels. Moreover,
indicating the radiation level and temperature inside the skylight and the lava tubes would
provide information to prepare a human sortie mission inside the lava tubes as envisioned
in Ref. [3].

Beyond the pure scientific targets, the lava tubes’ exploration mission can be seen
as a test bed for new technologies linked to mobility systems and autonomy architecture.
Although there is no need for the exploration system to decide its goals, such as a level
E4 autonomy. It needs to navigate autonomously inside the tube at a given depth. Hence,
a level E3 with high-level goals provided by spacecraft operators on Earth, may suffice.
However, a relay system from the surface will be necessary to deliver the signal to the
underground tunnels. The addressed reasoning is the basis for the mission objectives
formulation shown in Figure 5.
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Figure 5. Lava tubes’ mission objectives defined as use cases.
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A use case diagram is the viewpoint used to visualize them:

• In Figure 5, the use cases are the mission objectives. The primary mission objectives
are directly linked to the actors, while the secondary mission objectives are linked to
the primary ones with an include or extend branch.

• The subject is the entity that performs the use cases [52]. The subject is generically
addressed as a system of systems for the lava tube mission.

Use cases are usually phrased as a verb followed by a name. However, that definition
has been relaxed in Ref. [42], where use cases were used to frame mission objectives. Hence,
following the same methodology, the use case phrasing contains more information than just
the atomic form of the verb and noun. The mission objectives are defined as use cases in the
MBSE model, following the definition of Ref. [52]: a use case is a service, a behavior, that
your system will perform. The aim is to include not only the mission requirements in the
MBSE model but also the traceability of the mission objectives [42]. The mission statement
and objectives are the driving entities for the overall design. When the mission objectives are
included in the model, it is possible to visualize the direct link between mission objectives
and stakeholders, highlighting which mission objective answers which of the stakeholders’
needs. In addition, the analysis in Ref. [42] links the use cases to a prioritization score
that would be useful during the trade-off analysis to vote on the best mission architecture
based on the required functionalities and operational capabilities. Hence, not only the
use cases but also their related attributes are considered in the MBSE model. The use of
include branches in use cases to capture primary and secondary requirements has been
formulated in Ref. [42]. On the other hand, the extend branch is used to write down mission
objectives that may be of interest but are not directly enforced by the stakeholders. An
extend relationship represents an optional use case that may be enforced only if some
criteria are met [52].

The selected actors in the use case in Figure 5 are the identified stakeholders with
a direct interest in the mission: (i) the scientific community, (ii) space agencies. The
stakeholders’ analysis is quite general. However, the lava tubes’ exploration does not
look to be part of commercial-related efforts yet. Even if some of the research centres
that participated in Ref. [18] are partners with some companies, the overall mission looks
more toward the scientific community’s interest than the one of the aerospace industry.
Leveraging the MBSE model, all the possible mission objectives can be formulated as use
cases. If some of them do not make the cut to the selected baseline mission, a comment
can be included to explain the rationale for the choice in the MBSE model. The initially
discarded use cases can be a helpful starting point to extend the analysed mission in future
iterations or versions.

From a scientific point of view, it would be interesting to venture up to 200/250 m [18]
inside the lava tubes to verify the models and conclusions of studies such as Refs. [19,53].
The studies in Refs. [25,54] estimate that a small exploration system can communicate for a
range of up to 80 m with a communication duration equal to 20 min for each communication
relay. Therefore, the exploration system can do multiple rounds of trips to explore inside
the lava tube and return to the skylight for communication purposes at given time intervals.
Alternatively, a chain of relay systems can be used to hop the message back toward the
skylight. The analysis of Ref. [54] is quite insightful on the set of possible architectures for
swarm exploration. However, for fast prototyping of an exploration system, it is always
good to look at the worst-case scenario where the system cannot recharge if not in the
skylight and has to complete a round trip of 500 m in the dark of the tunnels. This evaluation
can rely on the first-order approximation developed in Ref. [2]. Following Ref. [2], the
exploration energy needed by a rover-like system can be expressed as in Equation (8).

Etotal =
Crr ·m · g · d

η
+

d
v · D · P (8)

where:
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• Crr is the soil resistance, and it is usually set at 0.15 for a first rapid assessment [2].
• η represents how much energy is used for mobility. In Ref. [2], a value of 30%

is suggested.
• m is the mass of the rover.
• d is the traversed distance.
• g is the celestial body gravity.
• v is the rover velocity.
• D is the guidance duty cycle. It represents how much time the system spends driving

versus the time spent on robotic operations.
• P is the total power available to the system.

The first part of Equation (8) defines how much mechanical energy the system employs
to move on flat terrain. As the wheeled mobility system will be used to move on basaltic
terrain, this metric should approximate its expected performance well. On the other hand,
the second part of Equation (8) refers to the energy employed for the payload and to
plan the mission. Leveraging the formulation in Equation (8), it is possible to relate the
distance to be traveled with the battery mass and the power consumption of a system. The
battery mass of the systems discussed in Section 2.1 sized for a similar mission ranges
from 12% of the baseline configuration in Ref. [26] up to 16% of the total system mass in
Ref. [22]. Imposing 16% as the upper limit of battery mass over total system mass, it is
possible to estimate the expected system mass for a given amount of consumed power, the
distance covered, and the driving duty cycle, as shown in Figure 6. The assessment would
not be precise. However, it can provide the order of magnitude expected for a lava tube
explorer. Most of the duty cycle points are layered on top of each other. The graphs in
Figure 6 highlight with colors the minimum duty cycle that can be sustained for a given
configuration in terms of system mass, battery mass, and power consumption for a given
distance to be covered.

Figure 6. Growth in total mass, battery mass and power for a system travelling 500 m on one battery
discharge at different duty cycles (proportion of the time the system drives against the percentage of
time used for payload operations).
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In the estimation of Figure 6, the exploration system velocity is assumed to be 0.10 m/s.
In comparison with other planetary rovers, this velocity is quite elevated. For example, the
Yutu rover had a velocity of around 5.5 cm/s [55], and Curiosity had a similar maximum
velocity of 5 cm/s [55], while Spirit and Opportunity were moving at 1 cm/s [55]. However,
new micro-rovers and small robotic systems trend toward incrementing this velocity up
to 0.25 m/s. On the other hand, the power consumption varies from the 20 W of the
SphereX [26] to the 300 W of the Daedalus [22]. The duty cycle indicates the proportion
of the traverse time that the rover effectively drives against the percentage of time used
for payload operations or navigation and guidance assessments [2]. Hence, a higher duty
cycle indicates a system that spends more energy on driving than on planning or using its
payload, covering more distance with less battery consumption. The primary assumption of
the model in Equation (8) is that the non-driving energy (plan computation, path estimation,
sensor fusion, localization, data collection . . . ) accounts for far more energy than simply
driving from point to point. The effective energy required for mobility depends on rover
mass, distance covered, and terrain type. On the other hand, the energy for sensing,
computing, and communicating depends on the total mission time that the system is
not spending driving. Moreover, some lower-level robotics functionalities (like reactive
obstacle avoidance) run even when the system drives, increasing the overall robotics power
consumption. Looking at the results in Figure 6, a system with a mass of 25 kg and a
power consumption of 100 W should at least spend 30% of its energy driving around to
cover the 500 m distance. The most likely duty cycle to be adopted during navigation
would be around 40% to 60%. It depends on the number of obstacles the exploration
system encounters, its task and motion planning algorithms, and the payload activities to
be carried out.

Beyond the mission objectives and the estimation of likely mass and power consump-
tion, defining the time the system should operate is essential. To not have to equip the
system with heavy thermal protection, it is assumed that the maximum length of this first
exploratory mission would last around one lunar day, as in Ref. [18]. All this numerical
information can be included in the MBSE model and will provide high-level constraints for
the cave explorer’s final design box.

Following the design process laid out in Section 3.1, the focus shifts toward defin-
ing the main mission elements and their operations, leveraging functional analysis and
ConOps. Similarly to Refs. [3,21], this study identifies four elements needed to accomplish
the mission:

• A skylight explorer would: (i) relay data from the lava tubes outside, (ii) recharge
the exploration systems, (iii) evaluate the temperature and radiation environment
inside the skylight. It may deliver some payload inside the lava tubes as well. How-
ever, for the architecture defined in this study, the cave explorer can access the lava
tubes autonomously.

• A cave explorer would venture inside the lava tubes and gather information on the
morphology and geometrical structure of the lava tubes as well as their habitability
potential, as detailed in the use case in Figure 7.

• A rover drives the other elements in the proximity of the skylight. It would probably
be equipped with ground-penetrating radar to study the terrain around the lava tubes.

• A lunar lander carries the other elements from a low lunar orbit to the surface. It can
be used as a relay hub for communications.

Figures 8 and 9 show the mission concept as DRM (Design Reference Mission). Figure 8
highlights the access mechanism of the cave explorer in the lava tubes. While Figure 9
highlights the use of the skylight explorer as a relay element for the mission, delivering
data back to the rover through a cable [18].

After defining the overall architecture that frames the cave explorer mission, the aim
of this paper is to provide an initial design of the system and its mobility capabilities.
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Figure 7. Cave explorer mission objectives modelled as use cases.

Figure 8. Simple design reference mission (DRM) diagram showing the cave explorer deployment
for the envisioned mission architecture (Part 1).
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Figure 9. Simple design reference mission (DRM) diagram showing the skylight explorer deployment
for the envisioned mission architecture (Part 2).

4.2. Cave Explorer Conceptual Design and Preliminary Sizing Assessment

Following the subsystem classification of Ref. [48], the cave explorer is composed
of seven subsystems ((i) structure and mechanism subsystem; (ii) mobility subsystem;
(iii) power subsystem; (iv) telemetry, tracking, and command subsystem; (v) thermal
subsystem; (vi) guidance, navigation, and control subsystem; (vii) command and data
handling subsystem) plus the payload.

The most critical trade-off to be made during the initial definition of the cave explorer
focuses on choosing its mobility subsystem. The lava tubes are formed by volcanic activity.
Therefore, the terrain inside the lava tubes, past the skylight, is expected to be relatively
flat with few obstacles [16]. The estimated maximum obstacle height is around 100 mm
based on the analysis in Ref. [22]. For this type of environment, a wheeled or rolling system
would provide the best performance on flat terrain, consuming less mobility-related power.
However, in proximity to the skylight, the terrain is expected to be rough and hardly
traversable with simple wheels. Moreover, there may be some areas inside the lava tubes
where the ceiling has partially collapsed. Therefore, the exploration system should be able
to move around or over these areas.

To overcome more significant obstacles, mechanical hopping [3] and thrust-base
hopping [24,25] can be considered. However, as analyzed in Refs. [24,25], hopping bots
using mechanical systems may struggle in the lava tubes. Mechanical hopping complicates
asset determination for landing gently at a safe point, especially in a rugged environment.
Flying allows the system to take off and land gently, minimizing impact forces. However, a
flying bot would use propellant, contaminating the soil touched by the plume. To lower
the contamination risk, Ref. [56] suggests the use of cold-gas-based propulsion using
compressed nitrogen with a specific impulse around 60 s. Another more volume-efficient
solution is electrolysis propulsion, as used in Ref. [26]. It permits the storage of H2 and
O2 in solid form [26], saving space, and the required amount of fuel and oxidizer can be
generated on demand [57]. This monopropellant has a specific impulse, Isp of around
140 s [58]. This type of propulsion can be quite volume-effective, as 7.8 kg of propellant
may be stored in less than 10 L of volume, as studied in Ref. [59]. Regarding the level of
Isp, Ref. [59] claims a theoretical Isp well above 300 s. A study from Ref. [60] proposes a
new type of hybrid legged-wheel design with good obstacle traversability similar to legged
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systems and low power consumption on flat terrain such as wheeled systems. Moreover,
this type of mobility subsystem should be able to climb a plateau with a height of 25 cm [60].
It may be a versatile solution to be investigated for the lava tubes’ mission. However, it
does not allow the cave explorer to directly access the lava tubes without external help.

Following this reasoning, the authors performed a trade-off to define the mobility
subsystem design for the cave explorer. The figures of merit (FOM) partially derive from
Ref. [61]. Ref. [61] is an extensive review that compares different types of mobility based on
metrics such as (i) speed, (ii) obstacle traverse capability, (iii) slope climb, (iv) soil sinkage,
(v) mobility subsystem simplicity, (vi) energy consumption, (vii) payload mass, (viii) soil-
mobility subsystem interaction, (ix) technological readiness level (TRL). These FOM are
compared on a scale from 1 to 5 [61]. The qualitative assessments liked the different scores:
(i) very low for 1, (ii) low for 2, (iii) medium for 3, (iv) high for 4, (v) very high for 5. The
only FOM that reverses this equivalence is energy consumption: the more energy-efficient
a system is, the higher the score will be. A similar scale is used in the trade-off presented in
this article.

This research does not consider soil sinkage (related to the mobility-subsystem weight),
soil-mobility subsystem interaction, or TRL as FOM because (i) the envisioned exploration
system is light-weight; (ii) the system interaction metric looks at the effect of planetary
soil on long-term missions; and (iii) the study is more focused on innovation than on
existing technologies. Instead, this study considers the redundancy of the mobile element,
the localization accuracy, the design innovation, and the mobility system’s controllability.
The mobile element redundancy relates to the possibility of accomplishing the mission,
even partially, due to some faults in the mobility subsystem. Wheeled rovers can function
even with failures in one or two wheels, giving them a score equal to 4; hybrid mobility
subsystems should be more resilient to failure, gaining a score equal to 5. On the other
hand, a system with good localization accuracy and position estimation can travel faster
and more efficiently inside the lava tubes. For example, given the same set of sensors, a
ballistic hopper may have less precise localization (score 1) than a wheeled rover (score 3).
The FOM assessing the innovation has been added as exploring new concepts for the lava
tubes’ exploration is interesting. Exploring the goodness of new solutions is essential to
extending the knowledge base and developing a feasible exploration system for exploring
planetary caves. Therefore, more innovative solutions have a higher score for this FOM.
The controllability metric pinpoints how easy or difficult it is to control a system’s dynamics
based on its mobility subsystem. For example, a spring-based hopper can control its overall
trajectory and landing point less than a propelled one.

The employed trade-off methodology is presented in Ref. [42], where the weights
for the different figures of merit are graded considering the mission objectives and the
associated stakeholder rating. Table 1 shows the scale associated with the rating.

Table 1. Influence matrix based on the stakeholders’ needs as defined in Ref. [42] (adapted with
permission from Ref. [42]).

Weighting Factor Legend

9 The FOM is strongly affecting the product design.

3 The FOM is moderately affecting the product design

0 The FOM is neutral to the product design

0 The FOM is not affecting the product design

−3 The FOM is moderately against the product design

−9 The FOM is strongly against the product design.

Tables 2 and 3 show the metrics and type of mobility system considered in the trade-off
study and the grading values derived from the influence matrix in Table 1.
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Table 2. Initial weight matrix. Each considered mobility system is weighted against the metrics. The
figures of merits are partially derived from Ref. [61] (Part 1).

Metrics Affection Level Considered Mobility Systems

Wheeled System Track Systems Legged Systems Hoppers (No Propulsion)

Maximum speed capability 0 4 3 3 5

Obstacle traverse capability 9 2 1 3 5

Slope climb capability 3 2 2 3 5

Mechanical Simplicity 3 3 2 2 2

Mobile element redundancy 3 4 2 4 1

Energy consumption rates 9 4 2 1 4

Payload Mass Fraction Capacity 3 3 3 2 2

Localization Accuracy 9 3 3 4 1

Innovation 1 1 2 3 4

Controllability 9 5 5 5 1

Table 3. Initial weight matrix. Each considered mobility system is weighted against the metrics. The
figures of merits are partially derived from Ref. [61] (Part 2).

Metrics Affection Level Considered Mobility Systems

Wheel-Leg Systems Hop-Roll Hybrid Hopper Propulsion + Wheels

Maximum speed capability 0 3 5 3

Obstacle traverse capability 9 3 5 5

Slope climb capability 3 4 3 5

Mechanical Simplicity 3 2 1 1

Mobile element redundancy 3 5 1 5

Energy consumption rates 9 2 4 3

Payload Mass Fraction Capacity 3 3 2 3

Localization Accuracy 9 3 2 3

Innovation 1 3 5 5

Controllability 9 5 2 3

The metrics maximum speed capability has a null affection level: more than the
speed, the battery consumption per covered distance indicates the goodness of the chosen
configuration to explore the depth of the lava tubes. The best mobility configuration
considering battery consumption is a simple-wheeled system. However, the configuration
is lacking from the point of view of obstacle traversability, where hopping systems score
better. Considering the affection level and the metrics’ grading, the trade-off results are
shown in Tables 4 and 5. The identified winning solution was a hybrid wheeled and
hopping solution. The wheels would give an advantage in battery consumption on the flat
basaltic terrain inside the lave tubes. At the same time, the controlled propelled hop would
provide remarkable obstacle traversability capabilities on the skylight terrain. Interestingly,
Ref. [62] addresses in its conclusions the exploration of possible designs of a hybrid hopping
rover as an interesting outcome of its comprehensive trade-space exploration of mobility
subsystems of planetary exploration systems.

The equipment of each of these subsystems would not deviate much from that of a
typical micro rover similar to the one described in Ref. [63], with passive thermal protection.
The command and data handling subsystem and the guidance, navigation, and control
subsystem are the subsystems that mostly change when a higher level of autonomy is
introduced. The command and data handling subsystem needs more computational
power. It should be equipped with a secondary computation unit entirely dedicated to
computing the actions to be executed for the GNC to safely move the system in the lava
tubes. Moreover, the communication constraints will require providing the command and
data handling subsystem with a module dedicated to FDIR (Failure Detection Identification
and Recovery) to be able to react to unexpected failures without human support. The GNC
subsystem is going to be affected by the choice of the mobility subsystem. As mobility
is hybrid, the GNC subsystem would have a module dedicated to controlling the cave
explorer’s trajectory during the propelled arcs. It will then encompass more conventional
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motion planning, navigation, and control of the wheels when moving as a conventional
rover. Due to the required level of autonomy, the other subsystems will gain more sensors
to enable autonomous decision-making by the command and data handling subsystem.
Figure 10 presents an artistic view of the hopper.

Table 4. Final trade-off matrix with results. The figures of merits are partially derived from Ref. [61]
(Part 1).

Metrics Considered Mobility Systems

Wheeled System Track Systems Legged Systems Hoppers (No Propulsion)

Maximum speed capability 0 0 0 0

Obstacle traverse capability 18 9 27 45

Slope climb capability 6 6 9 15

Mechanical Simplicity 9 6 6 6

Mobile element redundancy 12 6 12 3

Energy consumption rates 36 18 9 36

Payload Mass Fraction Capacity 9 9 6 6

Localization Accuracy 27 27 36 9

Innovation 1 2 3 4

Controllability 45 45 45 9

Total Score 163 128 153 133

Table 5. Final trade-off matrix with results. The figures of merits are partially derived from Ref. [61]
(Part 2).

Metrics Considered Mobility Systems

Wheel-Leg Systems Hop-Roll Hybrid Hopper Propulsion + Wheels

Maximum speed capability 0 0 0

Obstacle traverse capability 27 45 45

Slope climb capability 12 9 15

Mechanical Simplicity 6 3 3

Mobile element redundancy 15 3 15

Energy consumption rates 18 36 27

Payload Mass Fraction Capacity 9 6 9

Localization Accuracy 27 18 27

Innovation 3 5 5

Controllability 45 18 27

Total Score 162 143 173

Figure 10. Artistic view of the preliminary concept design of the cave explorer.
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The designed cave explorer weighs around 15 kg, with 2.5 kg of available payload, around
4 kg of propellant mass, and an expected power consumption of 100 W (Equation (9)) [1].
The mbattery is evaluated from the estimation of Figure 6, considering a 100 W power
consumption, 40% duty cycle, and a power density of 120 Wh/kg for a Lithium-Ion
Battery [64]. The system should have a velocity of 0.2–0.25 m/s and reach at least 200 m
inside the lava tube. Moreover, the minimum sensor suite to identify the state of the
rover during the hopping phase consists of an IMU and an altimeter. However, a stereo
camera and a LIDAR are necessary to navigate during the rover phase. The propulsion
system (mpropulsion), without propellant, should weigh around 1 kg, of which 650 g are
for the thruster. This value aligns with the specifics of different types of propulsion in
Ref. [65]. It is slightly more than the mass allocated in Ref. [26], providing a bit of margin
for future iterations. The mothers encompasses all the other components such as sensors,
on-board computer(s), connectors, and wheels. it is worth noticing that some sensors, such
as cameras, can be used both as payload and for navigation purposes, helping optimize
the system’s mass and volume. The mpropellant is evaluated for a limit situation where the
system needs to hop almost continuously to avoid obstacles, as analyzed in Ref. [10].

mtotal = 15 kg



mpl = 2.5 kg;
mpropulsion = 1 kg;
mbattery = 2.5 kg;
mpropellant = 4 kg.
mothers = 5 kg.

pavg = 102 W

(9)

The mass estimation loop is an iterative process that changes the payload mass fraction
until convergence, as described in Ref. [10]. Different parametric formulae are used to
estimate the likely-to-be mass of the propellant or the different subsystems. The initial
guesses from which the computation starts are: (i) a thrust-over-weight ratio ( T

W ) equal
to 1.3, (ii) a propellant Isp of 300 s similar to the design value proposed in Ref. [59] and
Ref. [26], (iii) a hop distance of 3 m. From these initial guesses, a simplified formula based
on the definition of the Isp as T

ṁg0
is used to evaluate the percentage of needed propellant

per hop as shown in Equation (10).

%mprop =
∆m

mtotal
=

T
W

gmoon

g0

t f light

Isp
(10)

where: (i) T
W is the thrust over weight ratio, gmoon [m/s2] is the Moon gravity acceleration,

g0 [m/s2] is the Earth gravity acceleration, t f light [s] is the time of the propulsed hop, Isp [s]
is the propellant specific impulse. In this initial calculation, t f light is assumed to be equal to
2.4 s for the powered ascent. The full mathematical background of this evaluation can be
found in Ref. [10]. After evaluating the usual percentage of mass used at each hope, it is
possible to evaluate the mass of propellant as in Equation (11).

mprop = mtotal −mtotal(1−%mprop)
D/Rhop (11)

where: (i) mtotal is the total system mass iterated in the parametric design; (ii) mprop is the
percentage of propellant mass consumed at each hop; (iii) D is the distance to be covered,
set to 500 in this worst case scenario, (iv) Rhop is the hop distance. With this calculation,
the propellant mass is estimated at around 3.2 kg. However, during initial assessments, it is
always advisable to be conservative with the estimations, as in the case of mpropellant. Hence,
a 20% margin is applied to this initial estimation. The objective of a more detailed design
would be to engineer a more reactive system with a more balanced energy subdivision
between mobility and robotic energy. An approach similar to Ref. [26] would be the next
logical step to optimize the mass and dimensions of the cave explorer.
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The required thrust level for 15 kg would be a minimum of 32 N. From the estimation
of Ref. [26], it seems a feasible value. Effectively, in Ref. [26], the authors analyzed different
configurations of the SphereX for a lunar and Martian scenario, imposing the thrust level
to be two times the system weight.

A parallel with micro-rovers on Earth is used for the first estimation of the hopper’s
likely dimensions. The wheel diameter is set to be 13 cm, as in Refs. [63,66]. The rocker
boogie will have a height of around 20 cm (from the wheel center to the body attachment)
and a width of 40 cm (between the centers of the wheels). The width is evaluated using
a proportion for lunar landers. Typically, the footpads of a lunar lander are distanced
from each other by around two times the lander’s body diameter. The height should allow
for a minimum clearance from the ground to protect the thruster. The minimum ground
clearance for a lander is evaluated as dnozzle

2 . In our case, it would equal 4 cm. The exposed
length of the thruster will be around 9 cm. In contrast, the overall length of the thruster
system is around 18 cm. The points of attachment of the thruster to the main structure
should be positioned on the bulkhead of the main body chassis and should coincide with
the attacks for the rocker boogie. This solution can be a good trade-off between decreasing
the structural mass and distributing the mechanical loads of the structure.

The main body dimensions are preliminary assessed by looking at the volume of the
rover in Ref. [66]. The hopper would include equipment with a similar volume to the rover
used to test its ground mobility operations in Ref. [66]. From Ref. [59], it is estimated that
an electrolysis propulsion system of 7.8 kg can be stored in less than 0.01 m3. Trying to be
conservative with the estimation, as the design is still in its early stages, the propulsion
subsystem will use around 0.01 m3 of the internal space of the main body. The volume
of the rover equipment in Ref. [66] plus the propulsion system would be around 0.03 m3.
Starting from this value, it is possible to preliminary set the width, length, and height of
the system’s main body (excluding the rocker boogie and the exposed thruster length of
9 cm) as in Equation (12). The total system height will be around 15 cm higher than the
body height. 

Height = 0.42 m;
Width = 0.17 m;
Length = 0.42 m;

(12)

This quick estimation will be refined during the following design phases. However, it
already provides some valuable starting values for the GNC assessment.

When the hopper uses its mobility system, it acts similarly to a conventional rover.
No particular innovation is introduced with respect to standard motion planning such
as the one analyzed in Refs. [7,67]. However, to prove the feasibility of the design, the
focus should shift toward assessing the possible hopping trajectories and the system’s
control capabilities to follow them. As this is a preliminary design, it is not unlikely that
the hopper’s mass will probably change and more likely increment. The following part
of this study analyzes how the control capabilities hold while varying the system mass of
about ±5 kg.

4.3. Trajectory Control and Its Impact on the Design

The results of the design of the nominal controller based on the PID approach are
discussed in this session, together with the nominal results of the MRAC. Following this
initial assessment, the results of the adaptive controller applied to the system in the presence
of varying design parameters are analyzed.

Figure 11 shows the results for a nominal case. In the nominal case, the controllers are
tuned based on a small perturbation model. The attitude is controlled by a PID controller
with the gains Kpθ = 21.5, Kiθ = 0 and Kdθ = 5.01. The cascade PID to control the
altitude and the velocity is constituted of two proportional gains Kpy = 14.4, Kiy = 0 and
KpV = −61.7, which respectively weight the error on the altitude and the error on the
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velocity. They provide as output the necessary thrust to follow the trajectory. The gains,
which are not indicated, are selected to assume a zero value.
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Figure 11. Nominal Controlled Case.

Figure 12 shows an analysis of the performance of the adaptive controller when the
design parameters are changed during the mission design process. In this figure, the results
are reported when the mass can vary between m0− 5 kg and m0 + 4.5 kg while maintaining
the same thrust level for the hopper. Note that the interval of variation is not symmetrical
because the performance in terms of time of flight starts to decrease when the mass is
increased by about 4 kg; on the contrary, the time of flight performance of the PID starts to
get worse when the mass is increased by about 3.5 kg; this implies that a different thrust
solution is required in those cases. The jump height performance deteriorates already when
the mass is increased only by 0.5 kg, but the MRAC controller can always jump higher by
about 200 mm on average than the baseline controller. The designer can understand that
they can maintain a portion of the performance without altering the control architecture,
simply by increasing the PID gain with the multiplicative factor provided by the MRAC.
Nevertheless, the MRAC approach can adapt the gain of the nominal PID controlled to
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obtain better performances in terms of jump height and time of flight in cases of variation
of design parameters.

Naturally, if the thrust T is brought from 31 N up to 40 N in the nominal working
conditions, the jump is possible up to a total weight of 20 kg without exceeding the nominal
requirements on the Thrust/Weight ratio (see Figure 13). Thanks to the enhanced thrust
capabilities, the time of flight performances remain consistent across the entire range of
explored mass increments. The performance in terms of nominal height has been enhanced,
and the MRAC offers a similar level of improvement as the previous thruster. There is
no significant advantage if the adaptive control is put on the attitude control even in
the presence of variation in the dimensions of the vehicle since the PID provides a good
reference following within the working range of the selected reaction wheels.

Figure 12. Altitude variation in presence of mass variation.

Figure 13. Altitude variation in presence of mass variation- increased thrust.

As can be clearly seen in the results, the inclusion of control in the sizing phase
contributes to making the design more effective. In fact, the adaptive control scheme is
based on a classical PID control and adapts the multiplicative gain of the PID to improve
the performance when the mass and the inertia are varied. The use of this control scheme
(see Figure 4) also has the advantage of being based on the PID technique, which can be
easily space-certified. Moreover, it provides the designed system with a quick perception of
whether the actuation system can still sustain the payload and how fast the performances
can decide if the mass is increased or if the dimensions are changed during the design
process. For the search of completeness in Figure 14 is also reported the behavior of the PID
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controller on the pitch angle when the dimensions, and consequently the inertial, are varied.
The PID can maintain the performances. Therefore, an adaptive controller is not necessary.

Figure 14. Controlled Pitch angle–Inertia variations.

5. Conclusions and Future Works

This study analyzes the mission of an exploration system, the cave explorer, targeting
the lunar lava tubes. An initial analysis of the stakeholders’ needs and interest in the
mission is carried out to understand the mission drivers and what is expected of the cave
explorer. An initial configuration for the cave explorer is proposed, providing a general
indication of its layout, mass, dimensions, and power consumption. A trade-off analysis
for system mobility is carried out, also considering the innovation factor of the explored
solutions. The overall initial mission definition and size of the cave explorer follow a
standard approach in systems engineering. However, it innovates in its thoughtful analysis
of the system’s control capabilities during the propelled hops. This analysis aims to provide
an indication of the boundaries within which the mass of the system can vary during the
following design phases without losing control capabilities.

This work proposes a nominal control based on a classical approach, where a PID is
put in parallel with an MRAC adaptive control. It is evident that the presence of an adaptive
control already improves the working range of the PID in cases of uncertainty. It improves
the performance of the whole system. Moreover, the proposed approach is suitable for
in-flight certification, which makes the proposed choice even more convenient. Different
control approaches based on optimization could provide better performance regarding fuel
optimization. Alternatively, robust approaches could be investigated in cases where other
uncertainties are expected, e.g., model uncertainties. Nevertheless, the MRAC shows the
advantages of integrating the GNC into the design of the process. In fact, it shows directly
the limitations of the overall system and how the performances decrease if no adaptation
of the gains of the control is performed. In the future, a deeper integration process could be
analyzed, where the design of the rover GNC is more flexible and adaptable, accounting
for the variation of more design parameters.

The work in this paper is a case study of the coupling of design and control capability
assessment to provide a feasible design box. Different designs of space systems are heavily
affected by the choices of the GNC system sensors, actuators, and algorithms. However,
most studies focus on optimizing the GNC and building the surrounding system, falling
short of overall system optimization. This is why it is interesting to provide a design
box based on the GNC with an estimation of how the performance will vary and how
acceptable those variations are. These issues are partially tackled with multidisciplinary
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design optimization (MDO). However, this study presents itself as a precursor to the MDO’s
in-depth analyses; the mission architects are still exploring different designs and solutions.
The objective is to understand the design box and find a feasible design. After this initial
assessment, an accurate optimization analysis can bring the system from an initial point
design to a final optimized product.
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Appendix A. The Lunar Lava Tubes

The existence of caverns and planetary pits on other bodies in our solar system has
been speculated since the 1960s [68,69]. These structures are most likely the result of lava
tubes, which form when the surface layer of lava flowing from a volcano cools, insulating
the layer beneath and allowing it to continue to flow. As a result, several meters of hardened
lava divide an empty, cylindrical tube from the surface.

However, new scientific instruments onboard different spacecraft around the Moon
have been decisive in providing a better understanding of the shape and the general
dimensions of those underground tunnels from orbit. In recent years, the presence of
subsurface voids and tunnels has been confirmed in volcanic areas of the Moon [70]. Three
potential lunar lava tubes’ skylights have been detected by the missions LRO (Lunar
Reconaissence Orbiter) [71] and Selene [72], two on the near side (Marius Hills, Mare
Tranquillitatis) and one on the far side (Mare Ingenii), Figure A1.

To understand the peculiarities of this Moon’s volcanic architectures, the geologists
started creating a parallel with the Earth’s lava tubes [69]. The increased width of the lunar
lava tubes has been estimated considering the Moon’s reduced gravity. A calculation from
Ref. [20] estimates that lunar lava tubes 300 m wide and a height of around 100 to 150 m
can be stable with a minimum roof thickness of one m. The height is estimated as 1/3 of
the lava tube width.
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Figure A1. Lava tubes (Marius Hills, left; Mare Ingenii, center; Mare Tranquillitatis, right). Image
from SELENE and LRO missions (figures adapted with permission from Refs. [3,71,72]).

The study conducted in Ref. [19] starts from the data of SELENE [73] to estimate a
likely width of the lava tubes of around 1 to 2 km. They demonstrate that those lunar lava
tubes are likely stable, with a roof thickness ranging from 100 to 200 m and a height of
around 300 to 500 m. Starting from the Earth parallel, Ref. [69] states that the lava tubes
should have smooth floors and soda straw-like stalactites created by lava trickling from
the roof. The sinuous rilles visible on the Moon’s surface nearby these lava tubes were
most likely produced by lava tube collapse [16]. Those structures unravel inside the Lunar
crust for several kilometers [71]. However, the near-term interest lies in the zone in the
immediate proximity of the skylight [74].

The Mare Ingenii and the Mare Tranquillitatis pits have a diameter of around a
hundred meters, and depths over fifty meters [74], as reported in Table A1. On the other
hand, the pit in Marius Hills should have a depth of around fifty meters and a maximum
diameter of around sixty meters [69,74], which may facilitate possible accesses to the lava
tube, Table A1. The Marius Hills skylight was first identified by the SELENE mission [72]
and later by the Lunar Reconnaissance Orbiter (LRO) [71]. In most of the analyses, the lava
tube in Marius Hills is identified as the most attractive target for a first mission tasked with
exploring the lunar lava tubes. From a geological point of view, the interest lies in its high
concentration of iron and titanium-rich minerals [74]. From an accessibility point of view,
the Marius Hills lava tube is the nearest to the lunar surface.

Table A1. Skylights discovered by Selene dimensions given in Ref. [16].

Location Latitude, Longitude Diameter (Min–Max) Depth (m)

Marius Hills 303.3◦ E, 14.2◦ N 47–60 48 ± 10

Mare Tranquillitatis 33.2◦ E, 8.3◦ N 85–97 100 ± 16

Mare Ingenii 166.0◦ E, 35.6◦ S 66–101 60 ± 15
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