_‘,

E-ISSN: 2707-5931

P-ISSN: 2707-5923

Impact Factor (RJIF): 5.64
Journal's Website

IJCCN 2025; 6(2): 96-101
Received: 10-08-2025
Accepted: 15-09-2025

E Venkatesan

Guest Lecturer, PG
Department of Computer
Science, RV Government Arts
College. Chengalpattu, Tamil
Nadu, India

Dr. V Thangavel
Head-LIRC, St. Francis
Institute of Management and
Research, Mumbai,
Maharashtra, India

Corresponding Author:

Dr. V Thangavel
Head-LIRC, St. Francis
Institute of Management and
Research, Mumbai,
Maharashtra, India

International Journal of Circuit, Computing and Networking 2025; 6(2): 96-101

Internstionsl Jeurnal of

= f',‘ @‘f@uﬁﬁ Computing end Networiling

Autonomous fault detection and recovery in satellite
systems using intelligent algorithms

E Venkatesan and V Thangavel

DOI: https://www.doi.org/10.33545/27075923.2025.v6.i2b.109

Abstract

Satellite communication systems play a pivotal role in global connectivity, yet they remain vulnerable
to failures caused by hardware degradation, environmental disturbances, and ground-segment errors.
This study proposes a structured methodology to identify, isolate, and recover from such failures using
intelligent algorithmic approaches. The methodology begins with system modeling, simulating satellite
subsystems and environmental factors under both nominal and fault conditions. Fault Detection and
Isolation (FDI) techniques are applied to telemetry data to detect anomalies and locate the source of
faults. To enhance recovery, four approaches are evaluated: decision-tree models for structured fault
classification, Bayesian inference for probabilistic reasoning under uncertainty, self-healing protocols
for autonomous subsystem reconfiguration, and a hybrid framework that integrates multiple methods.
Performance is assessed using metrics such as detection accuracy, false alarm rate, recovery time, and
link availability. Results demonstrate that individual algorithms provide specific advantages, whereas
hybrid models offer superior resilience by combining deterministic, probabilistic, and self-healing
strategies. The proposed methodology highlights the potential of intelligent algorithmic solutions to
improve the autonomy, reliability, and robustness of satellite communication networks, providing a
foundation for more resilient and self-sustaining space systems.

Keywords: Satellite communication, fault detection and isolation (FDI), decision trees, Bayesian
inference, self-healing protocols, hybrid algorithms, resilience, communication reliability, autonomous
systems

1. Introduction

Satellites are now essential components of global infrastructure, supporting activities that
shape modern society. They provide broadband Internet, television broadcasting, and
telephone connectivity to regions where terrestrial networks are unavailable. Navigation
constellations such as GPS, GLONASS, Galileo, and BeiDou offer precise positioning and
timing services that guide aviation, maritime transport, and logistics networks. Earth
observation satellites deliver vital data for agriculture, urban planning, and environmental
monitoring, while weather satellites improve the accuracy of storm forecasting and disaster
preparedness. In defense and security, satellites ensure secure communication,
reconnaissance, and global surveillance capabilities (Maral and Bousquet; Elbert).
Collectively, these applications demonstrate that satellites are not only tools of technological
advancement but also pillars of economic stability, safety, and national security.

Despite their benefits, satellite communication systems are vulnerable to diverse forms of
failure. Hardware malfunctions are frequent causes, including degraded transponders, faulty
batteries, or solar panel damage, all of which weaken or disrupt communication links.
Antenna misalignment or attitude control problems can prevent accurate signal transmission
and reception. Satellites operate in hostile environments, where radiation, extreme
temperature fluctuations, and micrometeoroid impacts can gradually degrade sensitive
components. Ground-segment issues also play a significant role. Errors in antenna pointing,
misconfigured tracking systems, hardware malfunctions, or software failures at ground
stations can block both uplink commands and downlink telemetry (Fortescue et al.) B1,
Environmental influences present additional challenges. Rain fade, particularly in high-
frequency Ku- and Ka-bands, can attenuate signals during heavy precipitation. lonospheric
scintillation, which disturbs signal amplitude and phase, is common in equatorial regions.
Solar storms and geomagnetic disturbances can interfere with onboard electronics and
disrupt radio frequencies, sometimes causing widespread outages (Pelton and Madry).
Another growing risk is radio-frequency interference which may occur accidentally from
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crowded spectrum usage or deliberately through jamming
and cyberattacks. Moreover, orbital dynamics can limit
communication reliability: satellites entering eclipse lose
solar input, reducing power availability, while failures in
orientation control prevent antennas from maintaining line-
of-sight with ground stations.

Failures in satellite communication often escalate due to the
interconnected nature of subsystems. A fault in one area can
trigger cascading effects. For example, a degraded power
subsystem may reduce transponder output, leading to
weaker signals at receiving stations. Similarly, thermal
regulation problems can affect electronic stability and
antenna orientation, compounding communication loss.
Even minor errors in ground-based calibration or software
configuration may block data reception altogether. These
interdependencies make rapid fault detection and recovery
essential to prevent small issues from developing into major
outages (Kapila and Mehta).

Traditionally, satellite fault management has depended on
ground operators who monitor telemetry streams, diagnose
problems, and issue corrective commands. While effective
for earlier generations of satellites, this approach faces
limitations today. Communication latency, restricted
visibility windows between satellites and ground stations,
and the ever-growing volume of telemetry data slow down
human-centered intervention. With the rise of mega-
constellations in low Earth orbit consisting of hundreds or
thousands of satellites, relying solely on manual fault
handling is becoming impractical (Tiwari et al.).

To overcome these limitations, researchers and engineers
are deploying intelligent algorithmic approaches for fault
detection and recovery. Fault Detection and Isolation (FDI)
methods enable real-time monitoring, quickly spotting
anomalies and localizing malfunctioning subsystems before
they escalate. Decision-tree models apply structured
diagnostic rules that classify fault types and automate
troubleshooting steps. Bayesian inference models strengthen
accuracy by incorporating probabilistic reasoning, allowing
systems to make informed diagnoses even when data is
incomplete or noisy. Finally, self-healing protocols enhance
resilience by enabling satellites to autonomously
reconfigure subsystems, activate redundant hardware,
reroute communication through alternate pathways, or
adjust power and frequency settings to sustain service
continuity (Pelton and Madry; Tiwari et al.).

The integration of these algorithmic methods signals a shift
toward more autonomous and resilient satellite operations.
By combining rapid anomaly detection, systematic decision-
making, probabilistic analysis, and autonomous recovery,
modern satellites are better equipped to maintain
communication reliability in unpredictable environments.
These advances reduce downtime, ease the burden on
ground operators, and ensure continuity of services that are
increasingly vital to economies, societies, and security
systems worldwide. in the study focus section, section 1
introduced the introduction, section 2 introduced related
work, and section 3 focused on methodology. The next
section 4 discusses the result, finally, in the section
conclusion %2345,

2. Literature Review

Satellite communication has been studied extensively
because of its role in supporting global communication,
navigation, weather monitoring, and defense. As satellites
operate in space environments that are difficult to access
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and maintain, communication reliability is a key research
concern. Several scholars have explored both the causes of
failures and the technologies available to recover
communication after disruptions. Early studies focused on
hardware reliability and ground control-based recovery.
Maral and Bousquet describe how failures often originate in
power subsystems, antennas, or transponders, with ground
operators traditionally responsible for fault detection and
recovery (Maral and Bousquet). Elbert further highlights
how environmental disturbances such as rain attenuation
and ionospheric effects disrupt satellite links, requiring
robust ground-segment strategies to minimize service loss
(Elbert). While effective in small-scale operations, these
methods struggle to meet the demands of modern large
constellations due to latency and operator workload.
Research then shifted toward systematic fault management
frameworks. Fortescue et al. [¥I emphasized the importance
of spacecraft systems engineering in building redundancy
and monitoring subsystems through telemetry (Fortescue et
al.) Bl Kapila and Mehta reviewed Fault Detection and
Isolation (FDI) methods, noting their value in identifying
anomalies early and isolating faulty subsystems to prevent
cascading failures. These works established the foundation
for automated fault handling by formalizing anomaly
detection as a continuous process rather than an event-
driven intervention.

With the rise of artificial intelligence and probabilistic
models, newer studies propose advanced algorithmic
solutions. Decision-tree  models, for example, offer
structured diagnostic pathways, improving the speed and
accuracy of failure classification compared to manual
monitoring. Bayesian inference approaches extend this by
accounting for uncertainty in telemetry data, which is
particularly important given the noise and data gaps in space
communication (Kapila and Mehta). These probabilistic
models allow satellites to diagnose complex fault scenarios
where deterministic methods fail. A parallel line of research
focuses on self-healing protocols. Pelton and Madry
describe how satellites can autonomously reconfigure
hardware, reroute signals, or adjust operating parameters to
restore communication without ground intervention. Tiwari
et al. demonstrate the use of Al-enabled autonomous
recovery in satellite networks, combining machine learning
with self-healing strategies to sustain communication
services even in highly dynamic environments (Tiwari et
al.). These studies highlight the shift toward autonomy,
where satellites actively participate in their own recovery.
Recent literature emphasizes the integration of multiple
techniques. Hybrid frameworks combining FDI, decision
trees, Bayesian reasoning, and self-healing protocols are
being developed to enhance robustness. The trend is toward
intelligent constellations capable of distributed fault
detection and cooperative recovery, ensuring system-wide
resilience.  However, scholars also caution that
computational  overhead, data requirements, and
cybersecurity risks remain challenges that must be
addressed before full autonomy can be achieved. In
summary, the literature reflects a transition from human-
driven recovery methods toward algorithmic and Al-based
solutions. While traditional systems provided the foundation
for fault management, current research demonstrates that
autonomous detection and recovery are essential for the
scalability and resilience of next-generation satellite
networks [6. 7. 8.9, 101,
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3. Methodology

The satellite communication systems are critical for global
connectivity but are prone to failures caused by hardware
degradation, environmental disturbances, and ground-
segment errors. This study presents a structured
methodology for fault detection, isolation, and recovery
using algorithmic approaches, supported by simulation-
based experiments. In this research, Figure 1 shows the
satellite communication failure identifying and recovering
from failures.

Simulation
System modeling and | tault
scenanios using MATLAB/Smuink

v

Fault Detection
Telematry monitoring and
FOI tachnigues

¥

Recovery Approaches
Decisen-tree models, Bayesian
inference, Self-heaing protocols
Hybna framework

\ 4

Performance Evaluation
Metrics: datection accuracy,
False alarm rate, Recovery time

Link avadlabisy

Fig 1: Shows the satellite communication failure, identifying and
recovering from failures.

3.1. System Modeling and Simulation

e Subsystem  Simulation:  Satellite  subsystems
communication payloads, power systems, attitude
control, and thermal systems are modeled to simulate
normal and faulty operations.

e Environmental Modeling: External influences such as
solar  radiation, space weather, atmospheric
disturbances, and orbital dynamics are included to
mimic real-world conditions.

e Simulation Tool: MATLAB/Simulink is used for
system modeling and dynamic simulations. Its
Simscape toolbox allows a realistic representation of
satellite subsystems, while Simulink’s control and
signal processing blocks enable telemetry and fault
simulation.

e Fault Scenarios: Both nominal and fault scenarios are
generated, including hardware failures (e.g.,
transponder, antenna, or battery faults), environmental
disturbances, and software anomalies.

3.2. Fault Detection and Isolation (FDI)

e Telemetry Monitoring: Telemetry data from simulated
subsystems is continuously analyzed to detect
deviations from expected behavior.

e Detection Techniques: Statistical analysis, model-
based approaches, and machine learning algorithms are
applied to identify anomalies.

e Fault Isolation: Once anomalies are detected, the
faulty component or subsystem is identified, enabling
targeted recovery actions.

https://www.computersciencejournals.com/ijccn

3.3. Recovery Approaches

Four recovery methods are implemented and tested:

e Decision-Tree Models: Classify known fault patterns
for fast, interpretable fault handling.

e Bayesian Inference: Provides probabilistic reasoning
under uncertainty for partially observable failures.

e Self-Healing Protocols: Allow  autonomous
reconfiguration of subsystems (e.g., switching to
backup components, rerouting communication links).

e Hybrid Framework: Integrates decision-tree,
Bayesian inference, and self-healing strategies to
leverage complementary strengths.

3.4. Performance Evaluation

e Metrics: Detection accuracy, false alarm rate, mean
recovery time, and communication link availability.

e Simulation-Based  Testing:  MATLAB/Simulink
simulations are used to evaluate each recovery method
across multiple fault scenarios.

e Comparative Analysis: Individual algorithms are
compared with the hybrid framework to determine
effectiveness and resilience.

3.5. Key Insights

e Individual algorithms provide strengths such as fast
detection or autonomous recovery.

e Hybrid models enhance resilience, reliability, and
autonomy, reducing service disruptions in satellite
communication networks.

>{l)vt-‘<'||nnJ >{ Isolation ] >{ Recovery J
Failure l __'.ly:[);,;l; ;-_

Algorithm
Comparison

Fig 2: Satellite communication failure identification and recovery
process.

This figure represents a structured methodology for
managing failures in satellite communication systems. The
process is divided into four main stages:

a) Failure: This is the starting point, where a fault or
malfunction occurs in the satellite communication
system. Failures could be due to hardware degradation,
environmental disturbances (like solar flares or
atmospheric interference), or errors in the ground
segment.

b) Detection: The first active step after a failure occurs. In
this stage, the system monitors satellite signals and
operations to detect anomalies. Detection can use
monitoring algorithms, fault detection software, or
sensor data analysis. The goal is to identify that a
problem exists before it escalates.

c) lIsolation: Once a failure is detected, the system moves
to isolate the source or location of the fault. Isolation
ensures that the problem is localized, preventing it from
affecting other parts of the satellite system. For
example, if a signal processing unit fails, isolation
would identify exactly which unit or subsystem is
responsible.

d) Recovery: After isolating the fault, recovery
mechanisms are triggered to restore normal operation.
This could involve switching to backup hardware,
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reconfiguring communication paths, or running
corrective algorithms to compensate for the failure.

e) Hybrid / Algorithm Comparison: After recovery, this
step evaluates the effectiveness of different recovery
strategies or algorithms. A hybrid approach might
combine multiple techniques for optimal fault
management, ensuring faster recovery and more
reliable performance.

In summary, the diagram illustrates a fault management
lifecycle in satellite communication:

Detect the failure — Isolate the fault — Recover
functionality — Compare algorithms for optimal recovery.

4. Result

The proposed methodology was evaluated using
MATLAB/Simulink simulations under a wide range of
satellite failure scenarios. The study aimed to assess fault
detection, isolation, and recovery, with a particular focus on
the effectiveness of a hybrid approach combining decision-
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tree, Bayesian inference, and self-healing methods. The
results show that integrating multiple recovery strategies
significantly improves system resilience and reduces
downtime.

Failure Scenarios

Various types of failures were simulated to represent
realistic satellite operating conditions. These included
hardware degradation in communication payloads and
transponders, power system anomalies such as battery and
solar panel failures, thermal system disturbances, and
environmental effects like solar flares and atmospheric
interference. Each failure type was analyzed to determine its
impact on satellite operations, including link degradation,
telemetry errors, and subsystem downtime. The results
demonstrate that while individual failures can be managed
using conventional detection and recovery techniques,
simultaneous or hybrid failures pose significant challenges.
These scenarios highlight the need for a robust framework
that can handle multiple interacting faults effectively.

Table 1: Shows the results of the following types of satellite failures that were simulated:

Failure Type Cause

Impact on System

Communication Payload Fault

Hardware degradation / Antenna failure

Loss of signal, reduced communication link

quality
Power System Fault Battery or solar panel degradation Partial or comgéit;:ic:)s; of subsystem
Transponder Failure Hardware or software anomaly Interruption Itgliigitrri/lay, degraded

Thermal System Anomaly

Environmental disturbances/overheating

Potential subsystem shutdown, performance
degradation

Observation

Hybrid failures (e.g., simultaneous transponder + power
system fault) represent critical scenarios where conventional
single-method recovery may fail.4.2 Recovery Performance

4.2. Recovery Performance: The performance of different
recovery algorithms was evaluated based on recovery time,
communication link availability, and successful restoration
rate. Decision-tree models provided fast detection and
recovery for predictable faults, but their performance
dropped in complex or combined failure scenarios. Bayesian
inference offered probabilistic reasoning under uncertainty,

making it suitable for ambiguous faults, but with slightly
longer recovery times. Self-healing protocols enabled
autonomous reconfiguration, reducing downtime and
improving link availability. The hybrid approach
consistently outperformed individual methods, achieving the
fastest recovery times, highest link availability, and greatest
success rate. Even under complex fault scenarios, the hybrid
framework maintained robust performance, demonstrating
the advantage of combining complementary strategies. The
recovery performance for different algorithms s
summarized below:

Table 2: Shows the result of the recovery performance for different algorithms, which is summarized below

Recovery Metric Decision-Tree Bayesian Inference Self-Healing Hybrid Approach
Mean Recovery Time (s) 3.4 4.1 2.8 2.1
Communication Link Availability (%) 90 92 94 98
Successful Recovery Rate (%) 88 91 93 97
Complex Fault Recovery Moderate High High Very High

Insights

e Self-healing protocols allow autonomous recovery,
reducing downtime for known faults.

e Bayesian inference helps manage uncertainty but has
slightly longer recovery times.

e Decision-tree models are fast but less adaptable to
complex or new faults.

e The hybrid approach consistently provides the fastest
recovery, highest success rate, and best link availability,
even under combined subsystem failures.

4.3. Hybrid Approach Effectiveness: The hybrid
methodology integrates the speed of decision-tree models,
probabilistic reasoning of Bayesian inference, and
autonomous reconfiguration of self-healing protocols.
Simulations across multiple scenarios including single
subsystem faults, combined subsystem failures, and
environmental disturbances showed that the hybrid
framework consistently ensures high performance.
Recovery times were reduced by 30-40%, and
communication link availability remained above 95% in
almost all scenarios. These results highlight that the hybrid
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approach is particularly effective for complex or unexpected
failures, where individual methods may struggle. By
leveraging the strengths of multiple algorithms, the system
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maintains continuity and minimizes service disruptions. The
hybrid framework integrates decision-tree speed, Bayesian
probabilistic reasoning, and self-healing autonomy.

Table 3: Shows the result of the performance evaluation under simple and complex fault scenarios:

Fault Scenario Recovery Method | Recovery Time (s) | Success Rate (%) | Link Availability (%)
Single Transponder Fault Hybrid 2.0 97 99
Power System + Payload Fault Hybrid 2.3 96 97
Thermal + Communication Fault Hybrid 2.2 95 98
Environmental Disturbance (Solar Flare) Hybrid 2.1 97 98
Multiple Simultaneous Failures Hybrid 2.5 94 96

Key Observations

e The hybrid model reduces recovery time by ~30-40%
compared to individual algorithms.

e Link availability is maximized, maintaining near-
continuous connectivity.

e Complex or simultaneous failures are -effectively
managed, demonstrating robustness and resilience.

4.4. General Observations

e Early fault detection is critical for preventing cascading
failures and minimizing downtime.

e Precise isolation of faults allows targeted recovery,
improving overall system efficiency.

¢ Autonomous and hybrid recovery methods significantly
reduce human intervention, making satellite networks
more resilient.

e Simulation-driven testing provides valuable insights
into fault behavior and algorithmic performance,
enabling more robust satellite design and operational
planning.

In summary, the results confirm that integrated, hybrid fault
detection and recovery strategies provide the most reliable,
efficient, and robust performance in managing satellite
communication failures.

5. Discussion

The results from the simulations demonstrate that a hybrid
fault detection and recovery approach provides superior
performance compared to individual methods. While
decision-tree models, Bayesian inference, and self-healing
protocols each offer distinct advantages, they also have
limitations when applied independently. The hybrid
methodology successfully combines its strengths, ensuring
faster recovery, higher success rates, and improved
communication link availability.

Analysis of Failure Scenarios

e Simulated failures included communication payload
faults, power system anomalies, transponder issues,
thermal disturbances, and environmental effects like
solar flares.

e Single subsystem failures were generally manageable
with conventional approaches.

e Hybrid or simultaneous failures posed significant
challenges, emphasizing the need for robust
frameworks capable of handling multiple interacting
faults effectively.

Effectiveness of Recovery Methods
e Decision-tree  models are fast and suitable for
predictable faults but less adaptable to complex or

unforeseen failures.

e Bayesian inference handles uncertainty well, providing
probabilistic reasoning, but with slightly longer
recovery times.

e Self-healing protocols enable autonomous recovery,
reducing human intervention and improving operational

continuity.
e The hybrid approach consistently outperformed
individual methods, reducing recovery time by

approximately 30-40%, maintaining link availability
above 95%, and successfully managing complex or
multiple failures.

Implications for Satellite System Design

o Early fault detection and precise isolation are critical to
prevent cascading failures and minimize downtime.

e Autonomous and hybrid recovery methods improve
system resilience, ensuring near-continuous
connectivity and reliable satellite operations.

e Simulation-driven evaluation provides valuable insights
into fault behavior and recovery performance, guiding
the design of more robust satellite systems.

Limitations and Future Work

e The simulations were conducted in
MATLAB/Simulink, and real-world operations may
involve additional uncertainties.

e Computational demands of hybrid algorithms could be
challenging for onboard processing.

e Future research should explore adaptive machine
learning techniques and real-time hardware-in-the-loop
testing to further validate and optimize hybrid recovery
strategies.

Overall, the study confirms that integrated hybrid fault
detection and recovery strategies are the most effective
solution for managing satellite communication failures. By
leveraging complementary algorithms, the system can
handle both simple and complex faults efficiently, maintain
high availability, and ensure operational continuity, making
it a practical approach for modern satellite networks.

Conclusion

This study demonstrates that hybrid fault detection and
recovery strategies significantly improve the reliability and
resilience of satellite communication systems. By
combining decision-tree models, Bayesian inference, and
self-healing protocols, the hybrid approach -effectively
manages both simple and complex failures, including
simultaneous  subsystem  faults and environmental
disturbances. The results show that the hybrid methodology
reduces mean recovery time by approximately 30-40%
compared to individual methods, maintains communication
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link availability above 95%, and ensures a high success rate
even under complex or combined failures. Furthermore, the
autonomous nature of self-healing protocols reduces the
need for human intervention, improving operational
efficiency. Overall, these findings indicate that integrated
hybrid strategies are essential for modern satellite networks,
providing robust, reliable, and near-continuous connectivity.
Future research should focus on real-time hardware
validation, adaptive machine learning techniques, and
optimization of onboard computational resources to further
enhance satellite fault management and system resilience.
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