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Abstract

Unmanned Aerial Vehicles (UAVs) have become an essential component in various applications such
as surveillance, agriculture, and disaster management. However, ensuring their reliability in fault-prone
environments remains a significant challenge. This research focuses on the design and simulation of a
fault-tolerant control system for UAVs, aimed at maintaining system stability and performance despite
component failures. A model-based fault detection and isolation (FDI) system was developed, along
with a robust control algorithm capable of compensating for faults in real-time. The system's
performance was evaluated in several fault scenarios, including GPS and actuator failures, and its
ability to maintain stable flight was assessed under both fault-free and fault-induced conditions. The
results indicated a high fault detection accuracy of 96.5%, with minimal trajectory deviation (0.35
meters) during faults. Additionally, the fault-tolerant control system demonstrated a reconfiguration
success rate of 99%, allowing the UAV to seamlessly switch to backup components during fault
conditions. The system's performance in GPS-denied environments was also evaluated, where the UAV
maintained stability despite an increase in position error. The findings highlight the effectiveness of the
proposed fault-tolerant strategies, including adaptive fault detection, isolation, and system
reconfiguration, in ensuring UAV reliability under a range of fault scenarios. This study contributes to
the development of more robust UAV systems for critical missions where reliability and fault tolerance
are paramount.
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Introduction

Unmanned Aerial Vehicles (UAVS) have become integral in various applications such as
surveillance, agriculture, and search and rescue operations. However, ensuring their safety
and reliability in harsh environments remains a major challenge. One critical aspect is the
design of fault-tolerant control systems (FTCS) that can guarantee the UAV's stability and
functionality, even in the presence of component failures. UAVSs, especially in autonomous
operations, are highly susceptible to mechanical, electrical, or sensor failures, which could
lead to mission failure or catastrophic accidents. In this context, the problem arises that while
UAVs are expected to operate in dynamic and unpredictable environments, their fault
tolerance mechanisms are often inadequate, leading to the need for innovative solutions that
can proactively handle system faults without human intervention. The objective of this study
is to design and simulate a fault-tolerant control system tailored for UAVSs, capable of
maintaining optimal performance in the face of partial system failures. The focus will be on
creating a control strategy that ensures continued stable flight by compensating for the loss
of critical sensors or actuators. The hypothesis proposed is that the incorporation of adaptive
fault detection and isolation techniques, along with robust control algorithms, will enhance
the UAV’s reliability and performance during fault occurrences, thereby reducing the risk of
failure and improving mission success rates. The study further aims to explore various fault-
tolerant strategies, such as reconfiguration techniques and redundant system integration, and
evaluate their effectiveness in UAV flight simulations. Several studies have emphasized the
need for advanced fault-tolerant mechanisms to ensure autonomous UAV operation in
mission-critical situations, especially under uncertain or faulty conditions [ 2 3 4 51,
Moreover, fault detection and isolation techniques, when integrated with adaptive control
algorithms, are seen as a promising approach to enhancing the robustness of UAV systems
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Additionally, the design and simulation of
reconfiguration methods have been demonstrated to
effectively mitigate the adverse impacts of partial failures,
thus contributing to improved fault tolerance [ 1% 11, This
study intends to bridge these gaps by providing an in-depth
analysis of the most suitable fault-tolerant strategies that can
be simulated and tested for UAV systems.

Materials and Methods

Materials

The UAV platform used for this research is a quadcopter
equipped with various sensors, including an inertial
measurement unit (IMU), GPS, magnetometer, and
barometer, all integrated into a central flight control system.
The flight control hardware includes a Pixhawk controller,
which is interfaced with the onboard sensors to collect real-
time data. The UAV's actuators, such as motors and servos,
were selected for their reliability and performance under
various environmental conditions, as discussed in previous
works [ 8. For the fault simulation, we employed a
combination of sensor and actuator faults, such as loss of
GPS signal, IMU failure, and motor malfunction, to
simulate realistic failure scenarios. In addition, a simulation
environment based on MATLAB/Simulink was utilized to
model the UAV’s flight dynamics, control algorithms, and
fault-tolerant strategies. The simulation included the
implementation of various fault detection and isolation
(FDI) algorithms, based on adaptive techniques 2 3, which
were used to identify and localize faults in the UAV system.

Methods

The experimental setup involved two primary phases: fault
detection and control system design. First, a fault detection
and isolation system (FDIS) was developed using a model-
based approach, where the UAV's flight dynamics were
simulated using state estimation techniques and machine
learning algorithms ™ 51, The fault detection mechanism was
designed to monitor critical sensors and actuators,
identifying faults by comparing expected behavior with
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actual measurements. For each identified fault, a
reconfiguration strategy was simulated, such as actuator
compensation or switching to backup systems, to maintain
stability and performance Ul The control system was
implemented using a robust adaptive control algorithm,
which continuously adjusted the control inputs to
compensate for faults in real-time. The performance of the
fault-tolerant system was evaluated using the UAV
simulation, and the results were compared to baseline
performance in fault-free conditions. Furthermore, the
system's effectiveness in maintaining stable flight in the
presence of multiple simultaneous faults was assessed by
conducting extensive simulations of realistic mission
profiles, which are similar to those performed in previous
studies [ 9. Finally, the system was tested in various
environmental conditions, including GPS-denied scenarios,
to assess the robustness of the fault-tolerant control
mechanisms [6. 10. 111,

Results

The results of the fault-tolerant control system for UAVSs, as
designed and simulated, are presented below. These results
are derived from various test cases where UAV performance
was evaluated under both fault-free and fault-induced
scenarios. The analysis includes the assessment of fault
detection accuracy, system reconfiguration efficiency, and
control system performance during flight.

Fault Detection and Isolation Performance

The fault detection accuracy was measured by comparing
the detected faults with the actual faults introduced into the
UAYV system. The overall detection accuracy of the system,
using model-based fault detection and isolation (FDI)
methods, was found to be 96.5%. The system demonstrated
a high detection rate for sensor faults, particularly GPS loss
(98%), but exhibited slightly lower detection accuracy for
actuator faults, such as motor failure (94%) [? 3 61, The false-
positive rate for fault detection was calculated to be 2.1%,
indicating that the system effectively minimized false
alarms.
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Multiple Faults

Fig 1: Fault Detection Accuracy in UAV System
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Control System Performance under Fault Conditions

The fault-tolerant control system’s ability to maintain stable
flight in the presence of faults was evaluated by comparing
the UAV’s trajectory and control inputs in both fault-free
and fault-induced conditions. The results show that the
control system was able to maintain UAV stability with a
minimal deviation in the trajectory, even in the presence of a
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single actuator fault or sensor failure. The system’s response
time to faults was found to be approximately 1.2 seconds for
sensor faults and 2.5 seconds for actuator faults, indicating a
fast recovery time [": 8. The control system maintained flight
stability with a root-mean-square error (RMSE) of 0.35
meters from the desired trajectory in the presence of faults,
compared to 0.12 meters in fault-free conditions.

Table 1: Control System Performance Metrics in Fault and Fault-Free Conditions

Fault Type RMSE (Fault-Free) RMSE (With Faults) Deviation (%0)
Sensor Fault (GPS) 0.12m 0.35m 66.7%
Actuator Fault (Motor) 0.12m 0.38 m 68.3%
Multiple Faults 0.12m 0.42m 71.6%

Reconfiguration and Redundancy Effectiveness

no significant degradation

in control

accuracy. The

The reconfiguration strategies demonstrated a high degree
of effectiveness in maintaining UAV performance under
fault conditions. When a fault occurred, the UAV switched
to a redundant system (e.g., backup sensor or actuator) with

reconfiguration time was 3.4 seconds on average, and the
reconfiguration success rate was 99%, confirming the
robustness of the fault-tolerant design [ 11,
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Fig 2: Reconfiguration Success Rate in UAV Fault-Tolerant System

Performance in GPS-Denied Environments

The fault-tolerant UAV system was also tested in a GPS-
denied environment, where it was required to rely on inertial
measurement and magnetometer data. The system
successfully maintained stable flight, with the control
system compensating for the lack of GPS information. The

system’s position error increased by 3.2 meters in the
absence of GPS, compared to 0.8 meters in GPS-available
conditions. However, the overall flight stability remained
within acceptable bounds, showing that the fault-tolerant
system could adapt to more complex fault scenarios ¢ 111,

Table 2: Performance in GPS-Denied Conditions

Condition Position Error (Meters) Altitude Deviation (Meters) Flight Stability (%)
With GPS 0.8 0.2 97.8%
Without GPS 3.2 0.4 93.6%

Overall System Performance

In summary, the proposed fault-tolerant control system
demonstrated the ability to keep the UAV operating
effectively under various fault scenarios. The system
showed a high fault detection accuracy, low false-positive
rates, and fast recovery times. Furthermore, the integration

of fault detection, isolation, and reconfiguration strategies
enabled the UAV to adapt to multiple faults without
significant degradation in performance. The performance in
GPS-denied environments also proved the robustness of the
system in real-world applications, where GPS failure is a
common challenge [+2.347],
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Discussion

The results of this study demonstrate the effectiveness of the
fault-tolerant control system designed for Unmanned Aerial
Vehicles (UAVS) under various fault scenarios. The high
fault detection accuracy of 96.5% achieved by the system is
in line with previous research, which has highlighted the
importance of accurate fault detection for ensuring UAV
reliability during autonomous operations 2, The system’s
ability to detect GPS and actuator faults with accuracies of
98% and 94%, respectively, suggests that model-based fault
detection methods can effectively identify and isolate faults
in UAVS, even in real-time environments. Previous studies
also confirm the utility of adaptive techniques in fault
detection, particularly in complex UAV systems with
multiple sensors and actuators [ 71,

A noteworthy observation in this study was the relatively
low false-positive rate of 2.1%, indicating the robustness of
the fault detection algorithm in distinguishing actual faults
from nominal system variations. This result supports the
findings from previous works, where advanced fault
detection systems utilizing state estimation and machine
learning algorithms have shown low false-positive rates,
making them suitable for real-world applications [ 6,
Moreover, the system's rapid response time to fault
conditions, with an average detection time of 1.2 seconds
for sensor faults and 2.5 seconds for actuator faults, is in
line with the performance benchmarks established in
existing literature on UAV fault-tolerant control systems 1,
In terms of control system performance, the system was able
to maintain stability and minimize deviation in the UAV’s
trajectory despite the presence of faults. The root-mean-
square error (RMSE) of 0.35 meters in the presence of
faults, compared to 0.12 meters in fault-free conditions,
demonstrates the control system's ability to compensate for
faults and maintain flight stability. This finding aligns with
the results of similar studies where robust adaptive control
algorithms have been employed to maintain UAV
performance even when faults occur [ 9. The small
increase in RMSE under fault conditions further illustrates
that the fault-tolerant control system significantly mitigates
the impact of failures on UAV flight performance.

The reconfiguration success rate of 99%, which was
achieved in all fault scenarios (sensor, actuator, and multiple
faults), indicates that the UAV can successfully switch to
backup components or reconfigure its systems to maintain
optimal flight performance. This success rate is consistent
with previous studies that have demonstrated the importance
of reconfiguration strategies in UAV fault-tolerant control,
particularly in mission-critical environments [ 9. The
reconfiguration time of 3.4 seconds is minimal and supports
real-time operations, which is crucial for the reliability of
autonomous UAV systems in dynamic environments.

The UAV’s performance in GPS-denied environments
further highlights the effectiveness of the fault-tolerant
control system. Although the system showed a slight
increase in position error (3.2 meters compared to 0.8
meters with GPS), it still maintained adequate flight
stability. This result is consistent with studies that have
explored UAV operation in GPS-denied environments,
where alternative sensors such as inertial measurement units
(IMUs) and magnetometers are used to maintain navigation
and control % 11 The ability of the fault-tolerant system to
adapt to such conditions underscores its robustness and

https://www.electricaltechjournal.com

potential for deployment in challenging real-world scenarios
where GPS signals may be unreliable or unavailable.

Conclusion

In conclusion, this study demonstrates the successful design
and simulation of a fault-tolerant control system for UAVs,
highlighting its capacity to maintain stability and
performance under various fault conditions. The high fault
detection accuracy and low false-positive rate validate the
robustness of the fault detection and isolation system. The
adaptive fault detection algorithms, combined with the fault-
tolerant control strategies, ensure that the UAV remains
operational, even in the presence of sensor and actuator
failures, which are common in real-world applications. The
reconfiguration success rate of 99%, along with the minimal
deviation in UAV trajectory under fault conditions,
showcases the effectiveness of the reconfiguration strategies
in maintaining operational stability. Moreover, the system’s
ability to operate effectively in GPS-denied environments
further underscores its robustness, making it suitable for a
variety of mission-critical applications where GPS signals
may not be reliable.

Based on the research findings, several practical
recommendations can be made for further enhancing UAV
fault tolerance. Firstly, UAV systems should integrate multi-
layered fault detection strategies, combining model-based
and data-driven techniques to improve fault detection
accuracy, especially in environments with multiple
concurrent faults. The incorporation of machine learning
and Al-based algorithms for fault detection and prediction
could significantly reduce detection time and improve
system response under complex fault scenarios. Secondly,
further research into optimizing reconfiguration strategies is
essential, particularly in cases of actuator failures or when
multiple faults occur simultaneously. Redundant systems,
such as backup sensors and actuators, should be integrated
into the UAV design to ensure seamless switching without
impacting mission performance. Additionally, enhancing the
system’s ability to handle more severe environmental
conditions, such as extreme weather or GPS jamming, could
further improve its operational reliability. UAVs designed
for use in such conditions should employ advanced
navigation techniques, such as visual odometry and terrain-
following sensors, to mitigate the effects of GPS loss.
Lastly, implementing real-time monitoring and remote fault
diagnosis  systems could significantly improve the
maintenance and reliability of UAVs, allowing for early
detection of potential failures and reducing the risk of
catastrophic failure during critical missions. As UAVs are
increasingly relied upon for complex, high-stakes tasks,
these recommendations will help in ensuring their
reliability, safety, and performance in fault-prone
environments.
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