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Abstract—Space exploration embodies humanity’s driver to
transcend known boundaries and catalyses technological in-
novation, scientific advancements, and economic growth. As
missions become increasingly complex, control theory emerges
as a fundamental component, enhancing spacecraft navigation,
operation, and adaptability in the dynamic space environment.
This tutorial paper explores the pivotal role of control theory
in advancing space exploration beyond the 2030s, emphasiz-
ing its contributions to autonomous decision-making, artificial
intelligence, robust and resilient control, and the management
of distributed systems. The proposed roadmap outlines how
advancements in control technologies will significantly enhance
mission success and expand humanity’s presence in the so-
lar system from both fundamental research and commercial
viewpoints, with contributions from academia, space agencies,
and industry. By aligning with the strategic framework of the
Global Exploration Roadmap, this tutorial paper presents a
comprehensive framework for addressing current limitations in
space exploration while devising future possibilities.

Index Terms—Aerospace, control applications, autonomous
systems

I. INTRODUCTION

“Earth is a small town with many neighbourhoods in a
very big universe.” This quote by the astronaut R.J. Garan
Jr. perfectly summarizes the universal and enduring interest in
exploring the unknown, pushing the boundaries of scientific
and technical limits further and beyond. Space exploration
strengthens global collaboration and diplomacy, bringing
nations together in the pursuit of shared goals and fostering
mutual respect and understanding. It also spurs technological
innovation and scientific breakthroughs, fuelling economic
growth and leading to new products and services with a direct
return on Earth.

Among the technologies that have advanced with space
exploration is control theory, which has played a funda-
mental role in enabling spacecraft to navigate, operate,
and adapt with stability, precision, and efficiency in the
intricate space environment. While forecasting technological
preparation needs is difficult, the symbiosis between control
theory and space exploration is expected to persist despite
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many established past trends being invalid today, or changing
rapidly. The economic, cultural, institutional, and technical
environment of space activities is adapting to the realities of
the worldwide commercial, highly competitive marketplace
on the one hand and to the public cooperative projects
for environmental protection and space exploration on the
other. These forces drive new trends related to cost-cutting
and upscaling of spacecraft task complexity, the number of
missions leaving Earth’s sphere of influence, and the number
of spacecraft and space objects involved in each mission.
However, such ambitions are stymied by present limitations
in spacecraft autonomy, safety systems, and performance in
the face of myriad large uncertainties (e.g. environmental
disturbances, hardware lifecycle behaviour). For example,
while increased spacecraft autonomy promises increased per-
formance and scalability, many mission control architectures
still rely on human decision-making and earthbound knowl-
edge of spacecraft state, which can be degraded if a spacecraft
acts autonomously when out of contact with Earth. Addition-
ally, many spacecraft designs rely on hardware redundancies
and stacking of subsystem safety factors to achieve safety,
which quickly becomes prohibitively costly as missions scale
up. Now, the question is:

How might advancements in control theory support
the next leap in space exploration, overcoming the
limitations of current solutions?

This paper aims to survey current and emerging connec-
tions between cutting-edge control theory and the future of
space exploration, highlighting key areas expected to shape
the field by 2030. Advancements in these areas are expected
to push the boundary of what is currently achievable in space,
in line with the strategic framework outlined by the latest
Global Exploration Roadmap [1].

A. Missions that will Gain the Greatest Benefits

Extensive research and development efforts have identified
multiple pathways to enhance the robustness and performance
of space systems, particularly by advancing Guidance, Navi-
gation and Control (GNC) technologies for autonomous op-
erations. Real-time guidance optimization and multivariable
control integration are key enablers for improving adaptabil-
ity and mission resilience. Autonomous rendezvous, docking,
and space debris removal missions are leveraging these ad-
vancements, alongside developments in image-based relative



navigation and FTC strategies to enhance reliability beyond
traditional redundancy-based approaches. In-orbit assembly
and large-scale space structures require increased autonomy,
fault-tolerant distributed control, and adaptive planning, while
astronomy and gravity wave observatories benefit from preci-
sion control and advanced vibration suppression techniques.
Autonomous trajectory generation is transforming launch and
reentry operations, enabling the reuse of launch components
and improving landing precision under high uncertainty. In
the following, we detail these challenging space applications
that would greatly benefit from employing advanced control
techniques to overcome the limitations of current solutions.

Autonomous Rendezvous, Docking, and Space Debris Re-
moval: Building upon mature rendezvous and docking (RVD)
technologies, next-generation systems are incorporating real-
time optimization and FTC strategies to enhance reliability
beyond traditional redundancy-based approaches [2]. JAXA’s
HTV-X [3], a successor to the HTV, will serve as both
an advanced cargo transport vehicle for the ISS and a
technology demonstration platform for automated docking
techniques [4], [5]. Additionally, Japan’s participation in
the Commercial Removal of Debris Demonstration project
underscores the growing emphasis on space debris mitigation
[6], [7]. The first step in such missions is expected to involve
safely approaching non-cooperative debris, leveraging prior
advancements in RVD technologies [8].

In-Orbit Assembly and Large-Scale Space Structures: The
assembly of large-scale space structures will necessitate
increased autonomy, distributed fault-tolerant control, and
adaptive real-time planning. Achieving autonomy level 4,
according to the definition provided in [9], is essential for
enabling these capabilities. Layered Control Architectures
(LCA) offer promising solutions by enhancing operational
coordination and fault tolerance, supporting future advance-
ments in on-orbit manufacturing and construction [10].

Precision Control for Astronomy and Gravity Wave Obser-
vatories: Astronomy and gravity wave observatories require
precise pointing accuracy and p-vibration suppression [11].
Traditionally, payload vibration isolation has relied on pas-
sive damping materials or basic active anti-phase methods
[12]. However, recursive system identification techniques
(see, e.g., [13]) combined with multivariable robust control,
i.e., Hoo [14], may significantly outperform these conven-
tional approaches, enabling superior performance in space
scientific missions [15].

Launch, Reentry, and Landing Operations: Entry, descent and
landing (EDL) has been colloquially termed the “eight min-
utes of terror”, in that a specifically designed reentry vehicle
performs the transition from exo-atmospheric (extremely high
velocity orbital flight) to zero/zero (zero altitude, zero speed)
landing within a desired geographic area on a solar system
orbital body. This flight includes a wide variety of atmo-
spheric variation (from little to no atmosphere to extremely
hot and dense atmosphere). These vehicles requires to be

optimized to deliver the largest payload to the surface under
very substantial uncertainty in the trajectory initial conditions
and the ambient atmosphere. Moreover, very large landing
site precision variation has been exhibited (thousands of feet
to miles), but this has substantially improved in recent years
and still needs improvements. On the other hand, autonomous
trajectory generation is revolutionizing launch and reentry
operations, particularly for reusable launch vehicle stages.
Traditionally, ascent vehicles have relied on extensive offline
analysis to account for uncertainties in vehicle dynamics,
propulsion, and atmospheric conditions [16]. However, on-
line dynamically feasible trajectory generation is expected
to enable precise landing and recovery of reusable launch
components [17]. Similarly, EDL systems, which manage
transitions from exo-atmospheric speeds to soft landings on
planetary surfaces, could benefit from advanced control tech-
niques that enhance landing accuracy and payload efficiency
under extreme environmental variations [18].

Distributed Satellite Systems and Spacecraft Swarms: Co-
ordinating multiple agents in space, whether for scientific
observations or constructing large-scale structures, demands
advanced algorithms for formation flying, collision avoid-
ance, and cooperative task management. This trend will drive
innovations in distributed and decentralized control, where
each agent autonomously adjusts its behaviour while working
toward a common goal. Modern miniaturized distributed
space systems are characterized by ever more stringent GNC
requirements in terms of performance and safety. Especially
the adoption of CubeSats, with tight constraints on on-board
resources and lack of redundancy, poses challenges on con-
trol algorithms that shall meet accuracy performance while
guaranteeing fault tolerance and so-called passive safety. Sev-
eral pioneering missions exemplify these advancements: a)
NASA’s Starling Mission (launched on July 17, 2023), which
demonstrates autonomous satellite swarming using vision-
based navigation with four 6U CubeSats [19]; b) NSF’s
VISORS Mission (launching in 2025), which utilizes two 6U
CubeSats in precise formation to capture ultra-high-resolution
images of the Sun’s corona [20]; and c) the NSF’s SWARM-
EX Mission (launching in 2025), which employs three 3U
CubeSats to study the ionosphere using distributed sensing
with both propellant-based and differential drag control [21].

As mission complexity increases, the adoption of advanced
control theory methodologies will continue to drive improve-
ments in robustness, autonomy, and efficiency. Key areas of
focus include: i) enhanced image-based relative navigation
for better adaptability in dynamic lighting conditions; ii)
broader adoption of fault-tolerant control to reduce depen-
dence on hardware redundancy; iii) development of adaptive
real-time planning to support evolving mission demands;
and iv) greater integration of autonomous decision-making
frameworks for multi-agent coordination in space. By lever-
aging these innovations, future space missions will achieve
unprecedented levels of precision, resilience, and efficiency,
paving the way for more ambitious endeavours in exploration,



science, and commercial space operations.

B. Paper outline

The paper is structured as follows. Section II focuses on
the three main pillars of controls for space, i.e., enhancing
autonomy, managing uncertainty, and guaranteeing safety.
Section III provides an overview on the core missions that
would benefit from employing advanced control tools, for
GNC tasks and (well) beyond. Last, final recommendations
on cooperation among stakeholders and regulatory aspects
are drawn in Section IV.

II. PAVING THE WAY IN THREE KEYWORDS

The future of automatic control in space applications can
be summarized by three core keywords: autonomy, uncer-
tainty, and safety. These elements define the challenges and
opportunities in the evolution of space systems, from deep-
space probes to autonomous satellites, planetary exploration
robots, and self-sustaining habitats. Simultaneously increas-
ing autonomy and resilience and reducing the associated risks
is necessary to clear the technical and economic obstacles
to realizing such interests. In the following, we identify
the core technologies that serve as the foundation for each
keyword, shaping the future of control theory and advancing
its applications in space.

A. AUTONOMY

The perspective for space controls is clear: The ultimate
goal is to achieve the necessary level of on-board autonomy
so that satellites will manage all tasks independently from
the ground support. Autonomy refers to the ability of a
spacecraft, rover, or robotic system to perform tasks, make
decisions, and adapt to changing conditions without direct hu-
man intervention. It involves self-governing control systems
that enable independent operation in remote or unpredictable
environments where real-time communication with Earth is
limited. As a trivial example, let us consider deep-space
exploration: Communication delays, often ranging from min-
utes to hours, make real-time manual control completely
inadequate. Without the proper advancement in autonomy,
critical tasks such as landing on Mars or manoeuvring
for orbit insertion may not be handled within such time
constraints.

According to the ESA ECSS standard [9], there exists
four different levels of on-board autonomy, as detailed in
Table 1. Specifically, on-board autonomy management ad-
dresses all aspects of on-board autonomous functions that
provide the space segment with the capability to continue
mission operations and to survive critical situations without
relying on ground segment intervention. More generally,
with autonomy we refer to different key aspects in space
exploration: i) decision-making without human input, where
autonomous systems analyse data, evaluate options, and exe-
cute tasks without any ground control commands; ii) adaptive
behaviour of space systems, which can respond to unforeseen
challenges, such as obstacles on planetary surfaces, sensor

malfunctions, or environmental changes; iii) fault detection
and recovery, related to the capability of space systems to
identify and correct errors to ensure mission continuity; iv)
navigation and mobility of spacecraft and rovers relying on
autonomous path planning, hazard avoidance, and precise
manoeuvring to achieve mission goals; and V) resource
management, i.e., intelligent control of power, fuel, and
computational resources to optimize mission longevity and
performance.

In general, autonomy in space vehicle operations pro-
vides many opportunities for substantial performance im-
provements when compared to human operation. First and
foremost, “human rating” of a space vehicle is an expensive
process requiring orders of magnitude more work (analysis,
validation, safety etc.). The control and speed of vehicle
system execution achievable with automation (e.g., launch
abort, precision event timing) are simply not attainable with
humans in the loop. While vehicle automation (e.g., precision
vehicle docking) has been very beneficial, the true benefits of
vehicle autonomy have not yet been achieved. By leveraging
feedback control, optimal control, and intelligent adaptive
strategies, control theory is expected to play a crucial role
in enhancing autonomy for spacecraft, rovers, and robotic
systems operating in uncertain and remote environments.
Some examples of how enhanced control can support the
improvements of on-board autonomy are briefly detailed
hereafter.

Autonomous navigation and guidance: Spacecraft and plane-
tary rovers require precise trajectory control to navigate in un-
known or dynamic environments. Optimal control techniques
(e.g., Model Predictive Control (MPC) [22], [23], Linear
Quadratic Regulator [24], and convex optimization [25])
may help in fuel-efficient trajectory planning and maneuvers
execution. Additionally, nonlinear [26] and adaptive control
[27] can enable spacecraft to adjust to gravitational variations
and external perturbations.

Fault detection, isolation, and recovery: Long-duration mis-
sions require self-healing control systems that can detect
and correct faults without human intervention. Fault-tolerant
control (FTC) uses redundancy and reconfiguration strategies
to maintain functionality after system failures [28]. Also,
observer-based control [29], and Kalman [30] and particle
filters [31] can be employed to estimate system states and
detects anomalies in real-time.

Formation flying and swarm robotics: Future space missions
will involve formations of satellites (e.g., PROBA-3 [32],
VISORS [33], and STARI [34]) and robotic swarms for
planetary exploration. Distributed control algorithms can be
used to synchronize multiple autonomous agents to work
collaboratively [35] whereas consensus control may ensure
that all agents in a swarm reach agreement on position and
task execution [36].

Energy-efficient and optimal resource management: Optimal
control techniques can be exploited to manage power, fuel,
and computation efficiently to extend mission duration (see



Table T
DEFINITION OF AUTONOMY LEVELS [9].

Level Description

Function

Naming

El Mission execution from ground control;
limited onboard capability for safety issues

Real-time control from ground for nominal
operations; execution of time-tagged

Real-time control with
pre-programmed sequences

commands for safety issues

E2 Execution of pre-planned, ground-defined
mission operations on-board

Capability to store time-based commands
in an on-board scheduler

Pre-planned

E3 Execution of adaptive mission operations Event-based autonomous operations; Semi-autonomous
on-board execution of on-board operations control (“adaptive”)
procedures
E4 Execution of goal-oriented mission Goal-oriented mission (re-planning) Goal-oriented operation

operations on-board

e.g., [37]). Moreover, reinforcement learning-based control
can be used to, e.g., optimize solar panel positioning and
battery charging schedules [38].

B. UNCERTAIN ENVIRONMENT

Uncertainty is inherent in space exploration due to un-
predictable environmental conditions, unknown system dy-
namics, and limited real-time intervention. Uncertainty in
space remains a fundamental challenge, but advancements
in control systems, Al, and communication technologies
may offer promising solutions. By enhancing adaptability,
autonomy, and resilience, control theory could provide the
required structured approach to designing systems that can
adapt, predict, and respond effectively in the presence of
multifaceted uncertainties.

Uncertainties can be hidden in various aspects of space
missions [39]. First, we have uncertainties rasing from the
operative environment which directly affect the dynamics of
space systems or may cause collisions risks, e.g., in the case
of unpredictable movements of space debris. In this category,
we include environmental disturbance sources as gravitational
forces due to planetary bodies, moons, and the Sun, small
perturbations caused by non-uniform gravity fields (e.g.,
Earth’s oblateness, lunar mass concentrations), solar radiation
pressure, and atmospheric drag [40]. On the other hand, we
have technological uncertainties, related to sensors, actuators,
and critical components that may introduce noise and latency,
thus affecting the performance of critical subsystems [41].
Additionally, equipment degradation is itself a source of
uncertainty that can compromise the functionality of specific
elements if not properly embedded in the design of the
control system [42]. Moreover, operational challenges due
to uncertainty can raise in rover operations on Mars or the
Moon due to uncertain terrain and weather conditions [43].
Analogously, precision landing on celestial bodies becomes
more challenging also due to unknown terrains [44].

Here, we provide a limited but thorough overview on how
challenges related to uncertainty can be dealt with a variety
of control approaches, all of them leading to increased ro-

bustness and resilience by mitigating the effects of (possibly
unknown) uncertainty.

Robust Control - ensuring stability under uncertainty: Robust
methods allow to guarantee that a system remains stable and
performs well despite uncertainties in system parameters or
due to external disturbances. Techniques like Ho, control
[45], [46], Sliding Mode Control [47]-[49], and p-synthesis
[50], [51] may be employed to help spacecraft operate
reliably in unknown environments. Additionally, Covariance
Steering control can be used to explicitly steer both the mean
and the covariance of a system’s state distribution over time
[52], [53].

Adaptive control - learning and adjusting to unknown con-
ditions: Adaptive controllers allow a system to update its
control parameters in real-time as it learns more about its
environment. Techniques like Model Reference Adaptive
Control [54] and Self-Tuning Regulators [55] could be ex-
ploited to adjust to variations in mass, gravity, or system
health.

Stochastic Control - decision-making under uncertainty:
Stochastic control models uncertainties as probabilistic dis-
tributions and optimizes control actions accordingly. Partially
observable Markov decision processes [56] and Bayesian
estimation [57] could be employed for state estimation and
uncertainty management. Moreover, adaptive process noise
estimation techniques [58] from covariance matching to state
noise and dynamic model compensation could be used to
embed and even estimate unknown dynamics.

Fault-tolerant control - handling unexpected failures: Space
systems must continue operating even when components fail
due to harsh conditions. Redundant control systems [59],
fault detection and isolation [60], and reconfigurable con-
trollers [61] may enable spacecraft to recover from (possibly
unpredicted) malfunctions.

Reinforcement learning-based control - Al for uncertainty
adaptation: Al-driven Reinforcement Learning (RL) [62] and
model-free control [63] are expected to allow autonomous
systems to explore and learn optimal control strategies in
unknown environments. Additionally, Deep RL-based con-



trollers could enable spacecraft to react to dynamic space
weather or unknown planetary conditions [64].

C. SAFETY

Safety is a key concern across various aspects of space
exploration, including spacecraft navigation, landing, human-
robot collaboration, and preventing catastrophic failures in
unpredictable environments. The risks of malfunctions, col-
lisions, or mission aborts must be minimized, especially
when human intervention is impractical due to communica-
tion delays or the remoteness of the mission. In high-risk
space environments, safety is not just about protecting the
spacecraft from failure but also ensuring that the spacecraft
can adapt, reconfigure, and continue the mission even when
facing unforeseen conditions. Advanced control theories, like
robust, adaptive, and fault-tolerant control may provide the
necessary tools to manage these challenging risks. Combining
these methods with techniques such as barrier functions,
hybrid control systems, and real-time reconfigurations, space
missions can ensure the safety of spacecraft, astronauts, and
robotic systems. As missions advance beyond Earth orbit
and towards Mars, asteroids, and beyond, safety will be
more crucial than ever, relying on autonomous systems and
advanced control methodologies to respond to unpredictable
space hazards effectively.

In this framework, safety can be translated as guaran-
teeing mission success in high-risk environments. Collision
avoidance becomes especially challenging in environments
like asteroid fields, planetary atmospheres, or when docking
with space stations. Landing on planetary bodies or moons
involves one of the most dangerous challenges in space
missions. The risk of a failed landing or crashing due to
misjudgment of the terrain or system failure is relatively high.
Moreover, spacecraft and robotic systems operated in deep
space are highly susceptible to system failures due to the
harsh environment (e.g., extreme temperatures and radiation)
and long mission durations. Ensuring safety requires the
ability to detect and compensate for faults autonomously,
without relying on Earth-based intervention. Also, future
space missions will frequently involve docking with space
stations, transferring cargo, or carrying out maintenance and
repairs in orbit. These interactions must be precise, as a
failure during these critical operations can cause loss of
mission assets or safety hazards. Next, we provide a variety
of control techniques that can be employed to support the
challenges linked to safety and risks in space missions.

Barrier function-based control: One way to ensure safety in
trajectory planning is by employing barrier functions, which
could enforce safety constraints as “safe zones”, ensuring that
the spacecraft avoids, e.g., obstacles [65].

Model predictive control: MPC can be extended to incorpo-
rate safety constraints, like collision avoidance. By contin-
uously optimizing control inputs while taking into account
safety margins (such as predefined no-fly zones), MPC may

allow the spacecraft to adapt its trajectory in real-time while
avoiding risks [66], [67].

Observer-based fault detection: In some cases, the fault may
not be obvious from the system’s measurements. Observer-
based techniques, such as Kalman filtering [68] or Luen-
berger observers [69], may be employed to estimate unmea-
sured states and compare them to the expected values to
detect inconsistencies caused by faults. This would enable the
controller to identify and isolate issues without any manual
intervention [70].

Hybrid control: This class of algorithms combines discrete
event systems (for event-based decisions like docking) and
continuous control systems (for continuous dynamics like
propulsion). Hybrid controllers [71] could be used to switch
between different modes ope operations according to the
phase of the mission (e.g., approaching, aligning, or docking).

Lyapunov control and artificial potential functions (APF):
These techniques are expected to play a crucial role in
ensuring safety in space missions by providing stable and
collision-free navigation. On the one side, Lyapunov-based
control can guarantee system stability by designing control
laws that drive a spacecraft toward its desired state while
minimizing energy consumption [72], [73]. On the other side,
APF could create virtual attractive forces towards targets
and repulsive forces from obstacles, enabling autonomous
collision avoidance in dynamic space environments [74].
Additionally, when combined, these methods may enhance
the reliability of orbital maneuvers, formation flying, plane-
tary landings, and space debris avoidance, ensuring safe and
efficient mission execution in uncertain and complex space
conditions.

Sequential convex programming (SCP): SCP is a powerful
optimization technique which could be employed to ensure
safety in trajectory planning, guidance, and control. This
method is expected to be particularly useful for real-time
applications such as spacecraft landing, collision avoidance,
and autonomous rendezvous, where safety constraints must
be rigorously enforced [75]. By leveraging convex relaxations
and successive refinements, SCP may ensure feasible and
near-optimal solutions while avoiding local minima, making
it a critical tool for enhancing the robustness and reliability
of space mission planning.

Forward and backward reachability analysis: Forward reach-
ability analysis could be exploited to determine the set of
all possible states a spacecraft can reach over time, given
initial conditions and control inputs. This may help assess
whether a mission trajectory remains within safe operational
bounds. On the other hand, backward reachability may be
helpful to identify the set of initial conditions that could
lead to unsafe states, enabling adjustments to avoid hazards.
Hence, these methods can be used in collision avoidance,
autonomous spacecraft navigation, and planetary landing to
guarantee robust safety margins in dynamic and uncertain
space environments [76].



III. CONTROLS FOR SPACE BEYOND GNC

Undoubtedly, GNC is the most prominent example of
automatic control implementation in space missions. Several
notable space missions have highlighted the essential role
of control theory for GNC tasks, achieving milestones that
would have been unattainable otherwise. For instance, the
Apollo lunar missions in the 1960s-1970s demonstrated early
use of control theory with the Apollo Guidance Computer
handling much of the lunar module’s descent, where real-
time human adjustments were only required in emergen-
cies [77]. More recent examples include the Mars Science
Laboratory’s Curiosity rover, which autonomously handled
its complex “seven minutes of terror” during the entry,
descent, and landing sequence in 2012, entirely out of human
reach due to signal delay [78]. Likewise, the success of
the SpaceX Falcon 9’s autonomous landing system, which
enabled the first stage of the rocket to return to Earth
for reuse, underscored the growing sophistication of real-
time automatic control systems in the commercial space
sector [79]. Other notable examples include the NASA’s
Perseverance rover in 2021, which autonomously navigated
Mars and deployed Ingenuity [80], i.e., the first autonomous
helicopter flight on another planet, and the ESA’s Rosetta
mission, which successfully deployed the Philae lander onto
the comet Churyumov—Gerasimenko [81]. These missions
mark significant achievements in space exploration and relied
on automation for real-time decisions, precision, and safe
operations in challenging environments. The guidance and
control of space flight vehicles is undergoing a period of
major transformation. With the increased emphasis on rapid
low-cost access to space, and the wide array of solar system
objects which are being explored by uncrewed vehicles,
the need for advancements in vehicle GNC performance
are substantial. In the following, we explore the diverse
space operating environments —including atmospheric flight,
ascent, in-space operations, EDL, and surface exploration —
and highlight the unifying role of increasing autonomy across
these domains. Achieving autonomy necessitates developing
sufficient trust in perception, trajectory planning, and control
algorithms to execute them in real time, rather than depending
on extensive offline computation and human supervision.

However, GNC is just one of many areas where control
theory is essential. Spacecraft must rely on onboard com-
puters, sensors, and actuators to autonomously adjust their
trajectory, orientation, and operational status based on real-
time house-keeping telemetry data. Beyond the challenges
posed by communication delays, the need for highly robust
control of spacecraft, landers, and rovers is vital to ensure
safe operations — especially when approaching man-made or
celestial bodies with uncertain characteristics or when facing
unpredictable environmental conditions. Moreover, human
spaceflight also depends heavily on automatic control systems
to manage life support, orbital adjustments, and docking
procedures. In the following, we outline some of the key areas
where automatic control can significantly benefit the future

of space exploration beyond more classical GNC tasks.

A. Space traffic management and collision avoidance

As the population of active satellites and space debris
in Earth’s orbit grows rapidly, the need for robust Space
Traffic Management (STM) and collision avoidance systems
has become urgent [82]. Increasing congestion, particularly
due to the deployment of mega-constellations like Starlink
and OneWeb, has led to an unprecedented number of col-
lision risks, requiring frequent avoidance manoeuvrers [83],
[84]. For instance, in 2023 Starlink satellites conducted over
25,000 manoeuvrers in a span of six months, highlighting
the operational demands encountered by satellite operators
[85]. In this context, automated control systems are seen
as a critical advancement to manage space traffic more
efficiently and to reduce (or potentially eliminate) the human
workload in decision-making processes [86], [87]. Current
Space Situational Awareness (SSA) methods, which rely
on human intervention to interpret data provided in Con-
junction Data Messages (CDM) and plan manoeuvrers, are
increasingly inadequate as the number of orbiting objects
increases. The complexity of tracking, predicting orbits, and
coordinating avoidance manoeuvrers highlights the need for
automation [88], [89]. In some cases, companies operating
these satellites have allocated resources to develop such
automation and make it available for their systems. Al-based
systems offer a promising solution, capable of processing
large volumes of SSA data and making real-time decisions
about potential collisions. As of now, at least some interaction
with the ground control centre is unavoidable: CDMs are
shared with operators regularly, and the information needs to
be processed on ground, where a manoeuvrer can then be
planned and uploaded to the spacecraft. However, the game-
changer would be to envision automation for risk detection
and mitigation onboard the satellite itself, mainly with respect
to those aspects related to changeability and decay [90], [91].
Automatic control can also address the challenges of coor-
dinating manoeuvrers across multiple operators, especially
in the absence of universally accepted norms for collision
avoidance [92]-[94]. To overcome these difficulties, the Eu-
ropean Union has recently started a working group with the
objective to assist regulators in the preparation of legislative
proposals and policy initiatives in the field of STM, ensuring
they match with the operators’ needs [95]. Additionally,
integrating automated control systems into STM could play a
pivotal role in ensuring the sustainability of space activities.
The ability to autonomously manage collision risks with
minimal human intervention will be essential in preventing
future space traffic congestion and mitigating the long-term
impact of space debris [96].

B. In-Space and Optimal Resource Management

Orbital vehicles have typically been large, with expensive
design cycles. Recently, lower cost (and possibly smaller)
vehicles and CubeSats have gained popularity. Generally,
these vehicles, require substantial model and hardware in



the loop testing to provide a validated high-fidelity digital
twin to ensure robust operation for long durations (e.g., a
decade plus). Trajectory management of these vehicles (non-
real time) requires vast supercomputer resources to solve the
three-body problem while ensuring robustness under some
vehicle performance uncertainty. As these assets are typically
quite expensive, substantial human analysis and operational
safeguards are in place. With the rapid growth of objects
in low Earth orbit, the necessity for autonomous object
detection and timely avoidance manoeuvring is likely to be
required. Control theory may also help in optimizing the use
of critical resources like fuel, power, and thermal energy. By
ensuring these resources are distributed optimally, it would
be possible to preserve spacecraft health and extend mission
duration. Furthermore, in the event of a system fault, control
theory may enable the spacecraft reconfiguration, switching
to backup components or re-routing operations around the
malfunctioning system. For example, in multi-agent systems,
game theory-based control and decentralized optimization
could facilitate coordinated resource sharing among satellites,
rovers, and landers, while consensus algorithms could be
employed to improve swarm coordination.

C. Space Systems Design

One area where control theory tools can make a sub-
stantial difference is the design of spacecraft at multiple
levels to improve performance, reduce costs, and enhance
mission success. Specifically, optimization is a fundamental
aspect of spacecraft design, influencing structural efficiency,
power management, propulsion, navigation, communication,
and cost-effectiveness. By integrating advanced computa-
tional techniques, material innovations, and Al-driven con-
trol systems, one could enhance performance while min-
imizing mass, energy consumption, and operational risks.
By embedding optimization into every phase of spacecraft
design, from conceptualization to execution, missions may
achieve greater reliability, longevity, and scientific return
while reducing costs and resource consumption. Structurally,
lightweight materials, topology optimization, and additive
manufacturing could enable spacecraft to withstand extreme
conditions while minimizing mass. Power and thermal man-
agement could be optimized through high-efficiency solar
panels, advanced battery systems, and multi-layer insulation,
ensuring consistent energy supply and temperature regulation.
Moreover, propulsion systems may benefit from fuel-efficient
trajectory planning, thrust vectoring, and hybrid propulsion
technologies that extend mission duration and manoeuvra-
bility. Communication efficiency could be enhanced through
optimized antenna design, data compression techniques, and
low-power transmission methods. Furthermore, cost-effective
manufacturing strategies, including reusable components and
supply chain optimization, may contribute to mission feasibil-
ity and sustainability. Also, life support systems are essential
for all human habitats, whether aboard a space station or
in a future lunar settlement. These closed-loop systems, re-
sponsible for oxygen generation and carbon dioxide removal,

comprise multiple subsystems, each individually regulated. A
modern model-based control approach with a multivariable
architecture that accounts for key cross-couplings would
enhance performance and robustness. Given their safety-
critical nature, such systems would benefit from fault-tolerant
capabilities integrated into the feedback loop controllers from
a multivariable control perspective. Projects like MELiSSA, a
collaboration involving more than 20 entities, exemplify how
advancements in LCA systems could drive interdisciplinary
progress in this field. Control theory is expected to be
essential also to prognostics and health management systems,
which predict the remaining lifespan of spacecraft com-
ponents and subsystems. Filtering algorithms could detect
anomalies and make adjustments to prevent failures. Predic-
tive maintenance, powered by advanced control techniques
and real-time data analysis, may anticipate failures to reduce
the risk of mission-critical faults. Last, given the vast amounts
of telemetry data generated by spacecraft, control methods
could be used for anomaly detection and to identify unusual
patterns that might indicate a malfunction, allowing for real-
time health monitoring and subsequent intervention.

D. Human-Machine Interaction

As human exploration of deep space progresses, effective
Human-Machine Interaction (HMI) will become increasingly
critical for crewed missions. Future control systems must
incorporate advanced HMIs that enable seamless astronaut-
robot collaboration, particularly in high-risk environments
such as lunar and Martian exploration. The integration
of cyber-physical human systems, which balance human
decision-making with automated controls, is expected to
significantly enhance mission safety and efficiency. A key
technological advancement in this domain is the development
of cyber-physical systems, also referred to as digital twins,
which provide real-time, high-fidelity digital representations
of physical spacecraft and planetary habitats [97], [98].
Digital twins could be employed to simulate spacecraft
dynamics, predict system failures, and optimize decision-
making by running predictive analyses based on live sen-
sor data. For instance, predictive maintenance algorithms
leveraging digital twins could enhance the reliability of
spacecraft and life-support systems, reducing the need for
manual inspections and increasing operational autonomy. In
parallel, next-generation HMIs are expected to be designed
to improve astronaut interactions with automated systems,
ensuring intuitive and efficient control in dynamic mission
environments [99]-[101]. Gesture recognition, augmented
reality, and haptic feedback systems are emerging as critical
technologies that could enable astronauts to interact with
robotic systems in zero-gravity conditions or while conduct-
ing extravehicular activities. For example, haptic-based tele-
operation would allow astronauts to remotely control robotic
arms with force feedback, improving precision in assembly or
repair tasks. Additionally, Al-driven adaptive interfaces could
customize control inputs based on user workload and envi-
ronmental conditions, ensuring astronauts would receive the
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most relevant information without cognitive overload. Hence,
the combination of digital twin-based predictive control and
advanced HMIs is expected play a fundamental role in the
next generation of space missions, enabling both greater
autonomy and safer human-machine collaboration in deep
space exploration.

E. Cooperation and Competition in Space

Game theory and coalitional control offer powerful frame-
works for cooperative and competitive decision-making in
space missions, where multiple autonomous agents must
coordinate and optimize resource usage under operational
and safety constraints. These approaches are expected to be
particularly valuable for distributed resource management,
formation flying, deep-space exploration, and robotic col-
laboration. Specifically, game theory provides mathematical
models for strategic interactions among multiple agents, each
with its own objectives. The two primary types of games that
could be employed in space scenarios are cooperative games,
where agents collaborate to achieve a common goal such
as coordinated navigation of satellite swarms, power-sharing,
or joint scientific exploration, and non-cooperative games,
where agents act in self-interest but must strategically interact
to avoid conflicts, as in orbital slot allocation, spectrum
sharing, and deep-space resource allocation. Key applications
include: i) satellite formation flying, where game-theoretic
models may help satellites to adjust their orbits dynami-
cally while minimizing fuel usage and maintaining forma-
tion; ii) spectrum and communication bandwidth allocation,
where satellites competing for communication resources use
auction-based or Nash equilibrium strategies to allocate band-
width efficiently; and iii) autonomous decision-making, in
which multi-agent RL and Markov games could be exploited
to optimize decision-making under uncertainty in planetary
exploration missions. On the other side, coalitional control
extends game theory by allowing groups of agents to form
coalitions, enabling dynamic cooperation based on changing
conditions. This is crucial for several key applications. First,
in space swarms, satellites can form coalitions to share
computational tasks, power, and scientific data collection,
improving overall efficiency. Similarly, planetary rovers can
collaborate by distributing tasks such as mapping, sample col-
lection, and data relay, enhancing mission effectiveness. Fi-
nally, future Moon or Mars habitats could leverage coalitional
control to optimize the distribution of essential resources like
water, oxygen, and energy, ensuring sustainable operation.

1V. FINAL RECOMMENDATIONS
A. Filling the Gaps Among Stakeholders

Addressing the barriers discussed and advancing the state
of the art in each of the space environments described
above is rather difficult. Each of the research stakeholder
groups (industry, academia, and government) have their own
strengths and challenges. Some of these issues include,
limited staffs, limited budgets, missing skill-sets/expertise,
inability to share information (e.g., proprietary), and limited

access to relevant hardware and/or software. Basic research
in the space field is to a great extent carried out in univer-
sities and research centres; such efforts, however, may not
always be taken full advantage of by the space industry or
by agencies responsible for space activities. For the future
of space research, it is mandatory to forecast a grounded
academic-industry cooperation based on the exploration and
improvement of conditions for synergy, and the exploitation
of research results between universities and industry in order
to stimulate innovation and excellence in basic research, thus
enabling new space programmes. On the other hand, in all of
the challenges presented in this paper, theoretically rigorous
and thoroughly reported academic controls investigations can
greatly improve performance and reduce development time in
industrial contexts. One example of bridging the gap among
stakeholders is represented by the European Space Technol-
ogy Harmonisation, developed to achieve better-coordinated
R&D activities among all actors in the European space sector.
The goal is to establish a strong technology base as a means
of underpinning the worldwide competitiveness of European
industry and ensuring the success of future space missions. It
involves building an overview of the current European R&D
situation and needs, establishing coordinated European Space
Technology Roadmaps and preparing a European Space
Technology Master Plan, through a process of consultation,
coordination, harmonisation and agreement between ESA,
its Member States, European Institutions, industry and other
key stakeholders, including academia. Another possibility to
fill the gaps among stakeholders is the creation and public
distribution of challenge problems, similar to the one NASA
has released for the atmospheric environment with the open-
source, Generic Urban Air Mobility (GUAM) simulation on
GitHub [102]. The idea is rather simple but effective: Each
challenge problem should outline the research and autonomy
goals for the specific environment and release (open-source)
simulation tools, relevant dynamic models, constraints, and
datasets necessary to conduct research. In this way, advancing
the state-of-the-art for space controls research across each
of the space environments would be greatly facilitated. The
goal is to provide access to the broader research community
to those tools necessary to collaborate, compare, and update
the community itself on the current state-of-art. At the core
of this collaborate-and-share platform will be the standard-
ization of problems and data, structured in such a way that
increasing levels of difficulty and autonomy can be achieved
by combining the available tools in different ways. In this
framework, photorealistic renderings (e.g., Unreal Engine)
will be required to enable the machine learning community’s
involvement in the research. Similarly, various combinations
of stationary obstacles, moving obstacles, and effector failure
scenarios can be used to demonstrate algorithm performance
on increasingly difficult scenarios.

B. Regulatory Aspects and International Cooperation

The evolution of space controls cannot proceed without
establishing a global regulatory framework to govern space
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traffic management, data sharing, and operator responsi-
bilities. However, space governance is complex, involving
multiple stakeholders, including government agencies, private
companies, and international organizations.

The challenge is to balance technological innovation
with safety and sustainability while ensuring that
competition does not undermine cooperation.

Currently, the regulation of space activities relies on in-
ternational treaties drafted during the early space race era,
including: i) the Outer Space Treaty (OST, 1967), establish-
ing that space is free for peaceful exploration and cannot be
claimed by any nation; ii) the Liability Convention (1972),
which defines state responsibility for damages caused by
space objects; and iii) the Registration Convention (1976),
which requires states to register satellites launched into orbit.
However, these regulations are outdated compared to the
current space dynamics, such as the rise of commercial
satellites and mega-constellations. To address the future
challenges in the framework of controls for space missions,
updated regulations are required, focusing on: a) rules for
coordinating satellites constellations, collision prevention,
and evasive manoeuvres; b) strict requirements for controlled
re-entry, satellite de-orbiting, and end-of-life recycling in the
framework of debris mitigation; c) clear responsibilities in
case of accidents, including autonomous operations managed
by AI; and d) regulations to prevent radio interference among
satellites from different operators.

Nowadays, space agencies already collaborate to harmo-
nize control practices. However, the lack of a central global
authority complicates enforcement. The United Nations Com-
mittee on the Peaceful Uses of Outer Space (COPUOS) and
the International Telecommunication Union (ITU) currently
play crucial roles in coordination, despite their executive
power is limited. On the other hand, several initiatives
have emerged to address regulatory fragmentation. Some
examples are represented by the definition of ISO technical
standards for interoperability of space control systems, and
the constitution of the Space Safety Coalition (SSC) group,
promoting voluntary guidelines for operational safety, and
some national programs as the European Space Situational
Awareness (SSA) or the American space traffic management
strategy under the Department of Commerce. For the near and
far future, space regulations shall point towards bilateral and
multilateral agreements, such as the Artemis Accords, which
establish principles for lunar exploration and data sharing,
global standardization to establish common protocols for
tracking, communication, and space safety, and dynamic li-
censing systems, including adaptive regulations that consider
autonomous operations and commercial space usage.

ACKNOWLEDGMENTS

The authors express their sincere gratitude to all the
institutions and research groups whose contributions to this

paper have been pivotal in advancing research at the inter-
section of academia, government agencies, and industry. In
particular, we want to thank CNR-IEIIT, Stanford University,
Massachusetts Institute of Technology, the European Space
Agency Technical Directorate, JAXA Research and Devel-
opment Directorate, NASA Langley Research Center, AIKO
S.rl., Sitael S.p.A., and Terran Orbital.

REFERENCES

[1] International Space Exploration Coordination Group, “Global Explo-
ration Roadmap,” 2024.

[2] M. Faure, D. Henry, J. Cieslak, P. Lachevre, and F. Ankersen,

“Optimization of spacecraft thrusters configuration under fault di-

agnosability and recoverability constraints.” IEEE Transactions on

Aerospace and Electronic Systems., vol. 59, pp. 5275-5286, 2023.

S. Ueda, T. Kasai, and H. Uematsu, “HTV rendezvous technique

and GN&C design evaluation based on Ist flight on-orbit operation

result,” in AIAA/AAS Astrodynamics Specialist Conference, 2010.

T. Sasaki, M. Hidaka, Y. Tomita, Y. Hachiya, Y. Kondo, R. Nakamura,

and T. Yamamoto, “Proximity operation and automated docking on

HTV-X: Guidance, navigation, and control strategy,” in 2022 IEEE

Aerospace Conference, 2022.

[5] R. Nakamura, J. Kikuchi, T. Sasaki, Y. Matsumoto, M. Hidaka,
N. Murakami, S. Ueda, and N. Satoh, “Rendezvous trajectory design
of logistics resupply missions to the lunar gateway in near-rectilinear
halo orbit,” Journal of Space Safety Engineering, vol. 10 (2), pp.
144-154, 2023.

[6] T. Yamamoto, Y. Nakajima, T. Sasaki, N. Okada, M. Haruki, and
K. Yamanaka, “GNC strategy to capture, stabilize and remove large
space debris,” in Ist International Orbital Debris Conference, 2019.

[7] T. Yamamoto, J. Matsumoto, H. Okamoto, R. Yoshida, C. Hoshino,

and K. Yamanaka, “Pave the way for active debris removal realization:

Jaxa commercial removal of debris demonstration (crd2),” in 8th

European Conference on Space Debris, 2021.

T. Sasaki, N. Bando, T. Saiki, and Y. Tsuda, ‘“Simulator-based

parameter tuning for deep space rendezvous and docking using

Bayesian optimization,” in 34th Workshop on Astrodynamics and

Flight Mechanics, 2024.

European Cooperation for Space Standardization, “ECSS-E-ST-70-

11C — Space Segment Operability,” 2008.

[10] R. Volpe, I. Nesnas, T. Estlin, D. Mutz, R. Petras, and H. Das, “The
claraty architecture for robotic autonomy,” in 200/ IEEE Aerospace
Conference Proceedings (Cat. No. 01TH8542), 2001.

[11] Z. Li and J. Zheng, “Orbit determination for a space-based gravita-
tional wave observatory,” Acta Astronautica, vol. 185, pp. 170-178,
2021.

[12] C. Collette, S. Janssens, and K. Artoos, “Review of active vibration
isolation strategies,” Recent patents on Mechanical engineering, vol.
4 (3), pp. 212-219, 2011.

[13] B. Yilmaz, K. Bekiroglu, C. Lagoa, and M. Sznaier, “A randomized
algorithm for parsimonious model identification,” IEEE Transactions
on Automatic Control, vol. 63 (2), pp. 532-539, 2017.

[14] D. Navarro-Tapia and A. Marcos, “Structured h-infinity design for
the lisa mission accelerometer mode,” IFAC-PapersOnLine, vol. 56
(2), pp. 9124-9129, 2023.

[15] A. Noormohammadi-Asl, O. Esrafilian, M. A. Arzati, and H. D.
Taghirad, “System identification and ho.-based control of quadrotor
attitude,” Mechanical Systems and Signal Processing, vol. 135, 2020.

[16] C. Kluever, “Unpowered approach and landing guidance using tra-
jectory planning,” Journal of Guidance, Control, and Dynamics, vol.

27 (6), pp. 967-974, 2004.

[17] Z. Jiang and R. Ordéiez, “On-line robust trajectory generation on
approach and landing for reusable launch vehicles,” Automatica, vol.
45 (7), pp. 1668-1678, 2009.

[18] X.-J. Lan, L. Liu, and Y.-J. Wang, “Online trajectory planning and
guidance for reusable launch vehicles in the terminal area,” Acta
Astronautica, vol. 118, pp. 237-245, 2016.

[19] J. Kruger and S. D’ Amico, “On-orbit performance and lessons learned
for autonomous angles-only navigation of a satellite swarm,” in 2025
IEEE Aerospace Conference, 2025.

3

—

[4

—

[8

—

[9

—



[20]

[21]

[22]

(23]

(24]

[25]

(26]

[27]

(28]

(29]

(30]

[31]

(32]

(33]

[34]

[35]

[36]

(371

(38]

[39]

[40]

[41]

A. W. Koenig, S. D’ Amico, and G. Lightsey, “Formation flying orbit
and control concept for virtual super optics reconfigurable swarm
mission,” Journal of Guidance, Control, and Dynamics, vol. 46(9),
pp. 1657-1670, 2023.

S. Lowe, D. Fitzpatrick, A. Buynovskiy, L. Shoemaker, S. Palo, and
S. D’ Amico, “Concept of operations for SWARM-EX: A three cube-
sat formation-flying mission,” in 2024 IEEE Aerospace Conference,
2024.

I. A. Spiegel, B. Zhou, R. Goodloe, B. Fox, and J. DiMatteo, “Cube-
Sat Proximity Operations Demonstration (CPOD) Mission Results,”
in 37th Annual Small Satellite Conference, 2023.

M. Mammarella, M. Lorenzen, E. Capello, H. Park, F. Dabbene,
G. Guglieri, M. Romano, and F. Allgéwer, “An offline-sampling smpc
framework with application to autonomous space maneuvers,” [EEE
Trans. on Control Systems Technology, vol. 28 (2), pp. 388—402, 2018.
L. Guarnaccia, R. Bevilacqua, and S. P. Pastorelli, “Suboptimal Iqr-
based spacecraft full motion control: Theory and experimentation,”
Acta Astronautica, vol. 122, pp. 114-136, 2016.

X. Liu, P. Lu, and B. Pan, “Survey of convex optimization for
aerospace applications,” Astrodynamics, vol. 1, pp. 23-40, 2017.

M. Xin and H. Pan, “Nonlinear optimal control of spacecraft ap-
proaching a tumbling target,” Aerospace Science and Technology, vol.
15 (2), pp. 79-89, 2011.

V. N. Sankaranarayanan, A. Banerjee, S. Satpute, S. Roy, and
G. Nikolakopoulos, “Adaptive control for a payload carrying space-
craft with state constraints,” Control Eng. Practice, vol. 135, 2023.
S. Rafiee, M. Kankashvar, P. Mohammadi, and H. Bolandi, “Active
fault-tolerant attitude control based on Q-learning for rigid spacecraft
with actuator faults,” Advances in Space Research, vol. 74 (3), pp.
1261-1275, 2024.

K. Shi, C. Liu, J. D. Biggs, Z. Sun, and X. Yue, “Observer-based
control for spacecraft electromagnetic docking,” Aerospace Science
and Technology, vol. 99, p. 105759, 2020.

M. S. Grewal and A. P. Andrews, “Applications of Kalman filtering in
aerospace 1960 to the present [historical perspectives],” IEEE Control
Systems Magazine, vol. 30 (3), pp. 69-78, 2010.

C. Donati, M. Mammarella, and F. Dabbene, “Single-state weighted
particle filter with application to Earth observation missions,” /FAC-
PapersOnlLine, vol. 56 (2), pp. 6024-6029, 2023.

J. S. Llorente, A. Agenjo, C. Carrascosa, C. de Negueruela,
A. Mestreau-Garreau, A. Cropp, and A. Santovincenzo, “Proba-3:
Precise formation flying demonstration mission,” Acta Astronautica,
vol. 82 (1), pp. 3846, 2013.

J. Kruger and S. D’ Amico, “On-orbit performance and lessons learned
for autonomous angles-only navigation of a satellite swarm,” in 2025
IEEE Aerospace Conference, 2025.

J. D. Monnier, P. Jain, S. Kalluri, J. Cutler, S. D’ Amico, G. Lightsey,
L. Pogorelyuk, G. Vasisht, K. Cahoy, and M. Meyer, “STARI:
Starlight acquisition and reflection toward interferometry,” in SPIE
Astronomical Telescopes + Instrumentation 2024, 2024.

T. Burroni, K. Thangavel, P. Servidia, and R. Sabatini, “Distributed
satellite system autonomous orbital control with recursive filtering,”
Aerospace Science and Technology, vol. 145, 2024.

X. Xie, T. Sheng, and L. He, “Robust attitude consensus control for
multiple spacecraft systems with unknown disturbances via variable
structure control and adaptive sliding mode control,” Advances in
Space Research, vol. 69 (3), pp. 1588-1601, 2022.

B. C. Cline, A. Pascarella, R. M. Woollands, and J. L. Rovey, “Indirect
optimal control techniques for multimode propulsion mission design,”
Acta Astronautica, vol. 223, pp. 759-776, 2024.

Y. Jiang, Z. Lei, L. Zhu, S. Liu, and S. Ma, “Energy management
of space probe based on fuzzy-model predictive control strategy,”
Advances in Space Research, 2025.

C. Downs, B. E. Robertson, and D. N. Mavris, “A taxonomy of
uncertainty for space exploration campaigns,” in ASCEND 2022,
2022.

B. F. James, The natural space environment: Effects on spacecraft.
National Aeronautics and Space Administration, Marshall Space
Flight Center, 1994, vol. 1350.

E. Canuto, A. Molano-Jimenez, and C. Perez-Montenegro, “Distur-
bance rejection in space applications: Problems and solutions,” Acta
Astronautica, vol. 72, pp. 121-131, 2012.

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

A. Sharma and N. Sridhara, “Degradation of thermal control materials
under a simulated radiative space environment,” Advances in space
research, vol. 50 (10), pp. 1411-1424, 2012.

G. Huang, L. Yang, Y. Cai, and D. Zhang, “Terrain classification-
based rover traverse planner with kinematic constraints for mars
exploration,” Planetary and Space Science, vol. 209, p. 105371, 2021.
B. Li, Z. Yue, J. Zhang, X. Fu, Z. Ling, S. Chen, J. Chen, and P. Yao,
“High-resolution terrain analysis for lander safety landing and rover
path planning based on lunar reconnaissance orbiter narrow angle
camera images: A case study of china’s chang’e-4 probe,” Earth and
Space Science, vol. 6 (3), pp. 398410, 2019.

W. Luo, Y.-C. Chu, and K.-V. Ling, “H-infinity inverse optimal
attitude-tracking control of rigid spacecraft,” Journal of guidance,
control, and dynamics, vol. 28 (3), pp. 481-494, 2005.

Y. Zhang, A. Pang, H. Zhu, and H. Feng, “Structured Hoo control
for spacecraft with flexible appendages,” Entropy, vol. 23 (8), 2021.
Q. Li, J. Yuan, and H. Wang, “Sliding mode control for autonomous
spacecraft rendezvous with collision avoidance,” Acta Astronautica,
vol. 151, pp. 743-751, 2018.

M. Mancini, N. Bloise, E. Capello, and E. Punta, “Sliding mode
control techniques and artificial potential field for dynamic collision
avoidance in rendezvous maneuvers,” IEEE Control Systems Letters,
vol. 4 (2), pp. 313-318, 2019.

J. Ren, S. Tang, and T. Chen, “Adaptive sliding mode control of
spacecraft attitude-orbit dynamics on se (3),” Advances in Space
Research, vol. 71 (1), pp. 525-538, 2023.

L. A. Tony and A. K. WC, “Mu-synthesis in state space; applied to
a typical satellite launch vehicle,” in 2015 International Conference
on Control Communication & Computing India, 2015, pp. 113-118.
Z. Dang and Y. Zhang, “Formation control using p-synthesis for
inner-formation gravity measurement satellite system,” Advances in
Space Research, vol. 49 (10), pp. 1487-1505, 2012.

J. Pilipovsky and P. Tsiotras, “Covariance steering with optimal risk
allocation,” IEEE Transactions on Aerospace and Electronic Systems,
vol. 57, no. 6, pp. 3719-3733, 2021.

D. Zheng, J. Ridderhof, P. Tsiotras, and A.-a. Agha-mohammadi,
“Belief space planning: A covariance steering approach,” in 2022
International Conference on Robotics and Automation, 2022.

N. Nguyen, K. Krishnakumar, and J. Boskovic, “An optimal control
modification to model-reference adaptive control for fast adaptation,”
in AIAA Guidance, Navigation and Control Conference and Exhibit,
2008, p. 7283.

O. Saleem and K. Mahmood-ul Hasan, “Adaptive state-space control
of under-actuated systems using error-magnitude dependent self-
tuning of cost weighting-factors,” International Journal of Control,
Automation and Systems, vol. 19, pp. 931-941, 2021.

S. Omidshafiei, A.-A. Agha-Mohammadi, C. Amato, and J. P. How,
“Decentralized control of partially observable markov decision pro-
cesses using belief space macro-actions,” in 2015 IEEE international
conference on robotics and automation, 2015.

E. B. Smith, S. F. Bi, J. Feng, 1. Cavallari, and M. Vasile, “Stochastic
bayesian model updating to reduce epistemic uncertainty in satellite
attitude propagation,” in AIAA SciTech 2024 Forum, 2024.

N. Stacey and S. D’Amico, “Adaptive and dynamically constrained
process noise estimation for orbit determination,” IEEE Trans. on
Aerospace and Electronic Systems, vol. 57 (5), pp. 2920-2937, 2021.
H. W. Jones, “Diverse redundant systems for reliable space life
support,” in Intern. Conference on Environmental Systems, 2015.
Y.-C. Choi, J.-H. Son, and H.-S. Ahn, “Fault detection and isola-
tion for a small cmg-based satellite: A fuzzy g-learning approach,”
Aerospace Science and Technology, vol. 47, pp. 340-355, 2015.

G. Duan and Q. Zhao, “Reconfigurable control design based on
complete parametric approach for spacecraft rendezvous,” in 2017
36th Chinese Control Conference, 2017.

M. Tipaldi, R. Iervolino, and P. R. Massenio, “Reinforcement learning
in spacecraft control applications: Advances, prospects, and chal-
lenges,” Annual Reviews in Control, vol. 54, pp. 1-23, 2022.

Y. Hu, Y. Geng, B. Wu, and D. Wang, “Model-free prescribed per-
formance control for spacecraft attitude tracking,” IEEE Transactions
on Control Systems Technology, vol. 29 (1), pp. 165-179, 2020.

X. Xu, Y. Chen, and C. Bai, “Deep reinforcement learning-based
accurate control of planetary soft landing,” Sensors, vol. 21 (23), p.
8161, 2021.



[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

(751

[76]

(771

[78]

[79]

[80]

(81]

[82]
(83]

[84]

(85]

[86]

K. Wang, T. Meng, W. Wang, and J. Lei, “Control barrier function
based trajectory generation and tracking control for spacecraft inspec-
tion mission under multiple safety constraints,” Advances in Space
Research, vol. 73 (3), pp. 2080-2097, 2024.

M. Mammarella, E. Capello, H. Park, G. Guglieri, and M. Romano,
“Tube-based robust model predictive control for spacecraft proximity
operations in the presence of persistent disturbance,” Aerospace
Science and Technology, vol. 77, pp. 585-594, 2018.

X. Wang, Y. Li, X. Zhang, R. Zhang, and D. Yang, “Model predictive
control for close-proximity maneuvering of spacecraft with adaptive
convexification of collision avoidance constraints,” Advances in Space
Research, vol. 71 (1), pp. 477-491, 2023.

X. Chen, A. Bettens, Z. Xie, Z. Wang, and X. Wu, “Kalman filter
and neural network fusion for fault detection and recovery in satellite
attitude estimation,” Acta Astronautica, vol. 217, pp. 48-61, 2024.
R. Tarantino, F. Szigeti, and E. Colina-Morles, “Generalized Lu-
enberger observer-based fault-detection filter design: An industrial
application,” Control Eng. Practice, vol. 8 (6), pp. 665-671, 2000.
Q. Hu, X. Zhang, and G. Niu, “Observer-based fault tolerant control
and experimental verification for rigid spacecraft,” Aerospace Science
and Technology, vol. 92, pp. 373-386, 2019.

L. Shi, J. Katupitiya, and N. M. Kinkaid, “Hybrid control of space
robot in on-orbit screw-driving operation,” IEEE Transactions on
Aerospace and Electronic Systems, vol. 54 (3), pp. 1253-1264, 2017.
A. Anand, K. Seel, V. Gjerum, A. Hékansson, H. Robinson, and
A. Saad, “Safe learning for control using control lyapunov functions
and control barrier functions: A review,” Procedia Computer Science,
vol. 192, pp. 3987-3997, 2021.

C. Lippe and S. D’Amico, “Safe, delta-v-efficient spacecraft swarm
reconfiguration using lyapunov stability and artificial potentials,”
Journal of Guidance, Control, and Dynamics, vol. 45 (2), pp. 213—
231, 2022.

H. Zhou, Z. Dang, Y. Zhang, and J. Yuan, “Collision-free control
of a nano satellite in the vicinity of china space station using lorentz
augmented composite artificial potential field,” Acta Astronautica, vol.
203, pp. 88-102, 2023.

D. Kwon, Y. Jung, Y.-J. Cheon, and H. Bang, “Sequential convex
programming approach for real-time guidance during the powered de-
scent phase of mars landing missions,” Advances in Space Research,
vol. 68 (11), pp. 43984417, 2021.

Y. E. Arslantag, T. Oehlschldgel, and M. Sagliano, “Safe landing
area determination for a moon lander by reachability analysis,” Acta
Astronautica, vol. 128, pp. 607-615, 2016.

D. A. Mindell, Digital Apollo: Human and Machine in Spaceflight.
Cambridge, MA: MIT Press, 2011.

A. Steltzner, J. Crisp, T. Komarek, R. Welch, R. Powell, J. Krajewski,
and A. Sengupta, “Mars science laboratory entry, descent, and landing
system,” IEEE Aerospace and Electronic Systems Magazine, vol. 29
(3), pp. 4-17, 2014.

D. Koelle et al., “The development and operational history of the
SpaceX Falcon 9, Journal of Spacecraft and Rockets, vol. 57 (3),
pp. 608-622, 2020.

J. Balaram, H. Grip, M. San Martin, J. Alexander, T. Canham,
W. Johnson, and G. Dittrich, “The Ingenuity helicopter on the
Perseverance rover,” Space Science Reviews, vol. 217 (4), pp. 1-27,
2021.

K.-H. Glassmeier, H. Boehnhardt, D. Koschny, E. Kiihrt, and
I. Richter, “The Rosetta mission: Flying towards the origin of the
solar system,” Space Science Reviews, vol. 128 (1), pp. 1-21, 2007.
ESA, “Space debris by the numbers,” 2024.

J. Radtke, C. Kebschull, and E. Stoll, “Interactions of the space debris
environment with mega constellations - Using the example of the
OneWeb constellation,” Acta Astronautica, vol. 131, pp. 55-68, 2017.
Y. T. Yoon, P. Ghezzo, C. Hervieu, and I. D.-A. Palomo, “Navigating
a large satellite constellation in the new space era: An operational
perspective,” Journal of Space Safety Engineering, vol. 10 (4), pp.
531-537, 2023.

T. Pultarova, “SpaceX Starlink satellites had to make 25,000 collision-
avoidance maneuvers in just 6 months - and it will only get worse,”
2023.

F. Delmas, C. Perez, and P. Nunes, “Future evolutions of EUSST
collision avoidance service,” Journal of Space Safety Engineering,
vol. 11 (1), pp. 133-142, 2024.

[87]

[88]

[89]

[90]

[91]

[92]

[93]

[94]

[95]

[96]

[97]

[98]

[99]

[100]

[101]

[102]

N. Reiland, A. J. Rosengren, R. Malhotra, and C. Bombardelli, “As-
sessing and minimizing collisions in satellite mega-constellations,”
Advances in Space Research, vol. 67 (11), pp. 3755-3774, 2021.

D. L. Oltrogge and S. Alfano, “The technical challenges of better
space situational awareness and space traffic management,” Journal
of Space Safety Engineering, vol. 6 (2), pp. 72-79, 2019.

A. Vahidi and A. Eskandarian, “Research advances in intelligent
collision avoidance and adaptive cruise control,” IEEE Transactions
on Intelligent Transportation Systems, vol. 4 (3), pp. 143-153, 2003.
C. Manfletti, M. Guimardes, and C. Soares, “Al for space traffic
management,” Journal of Space Safety Engineering, vol. 10 (4), pp.
495-504, 2023.

G. Choumos, K. Tsaprailis, V. Lappas, and C. Kontoes, “Artificial
intelligence for a safe space: Data and model development trends
in orbit prediction and collision avoidance,” in AIAA SciTech 2024
Forum, 2024.

D. B. Spencer, M. E. Sorge, and M. A. Skinner, “Establishing “norms
of behavior” for satellite collision avoidance maneuver planning,”
Journal of Space Safety Engineering, vol. 11 (1), pp. 120-126, 2024.
E. Ancona, D. Guerra, S. Armstrong, H. O. da Mata, C. Medeiros,
J. Silva, and E. Dahlstrom, “Technical, legal and policy aspects of an
international space traffic management framework,” Acta Astronau-
tica, vol. In Press, 2025.

S. Patnala and A. Abdin, “Spacecraft collision avoidance: Data man-
agement, risk assessment, decision planning models and algorithms,”
in Space Data Management. Springer, 2024, pp. 15-45.

European Union, “STM stakeholder mechanism - safeguarding space
operations,” 2024.

B. Bastida Virgili, J. Dolado, H. Lewis, J. Radtke, H. Krag, B. Rev-
elin, C. Cazaux, C. Colombo, R. Crowther, and M. Metz, ‘“Risk
to space sustainability from large constellations of satellites,” Acta
Astronautica, vol. 126, pp. 154-162, 2016.

A. Jaber, 1. Koufos, and M. Christopoulou, “A comprehensive state-
of-the-art review for digital twin: Cybersecurity perspectives and
open challenges,” in International Conference on P2P, Parallel, Grid,
Cloud and Internet Computing, 2024.

D. Monopoli, C. Semeraro, M. A. Abdelkareem, A. H. Alami, A. G.
Olabi, and M. Dassisti, “How to build a digital twin for operating
pem-electrolyser system—A reference approach,” Annual Reviews in
Control, vol. 57, p. 100943, 2024.

D. Monopoli, M. Caggiano, C. Semeraro, and M. Dassisti, “Towards a
human-centric industry 5.0: Exploring team roles to improve human-
machine collaboration,” in Innovative Intelligent Industrial Produc-
tion and Logistics, 2025.

A. R. Gross, G. A. Briggs, B. J. Glass, L. Pedersen, D. M.
Kortenkamp, D. S. Wettergreen, I. Nourbakhsh, D. J. Clancy, and
S. Zornetzer, “Advances in robotic, human, and autonomous systems
for missions of space exploration,” in 53rd International Astronautical
Congress, 2002.

G. Cortellessa, A. Cesta, and A. Oddi, “Human-machine cooperation
in space environments,” in Humans in Outer Space - Interdisciplinary
Odysseys.  Springer, 2009.

M. J. Acheson, I. M. Gregory, and A. Patterson, “Generic urban air
mobility simulation,” in AIAA SciTech 2025 Forum, 2025.



	Introduction
	Missions that will Gain the Greatest Benefits
	Paper outline

	Paving the Way in Three Keywords
	AUTONOMY
	UNCERTAIN ENVIRONMENT
	SAFETY

	Controls for space beyond GNC
	Space traffic management and collision avoidance
	In-Space and Optimal Resource Management
	Space Systems Design
	Human-Machine Interaction
	Cooperation and Competition in Space

	Final Recommendations
	Filling the Gaps Among Stakeholders
	Regulatory Aspects and International Cooperation

	References

