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The increasing adoption of More Electric Aircraft (MEA) has introduced new challenges in ensuring the 
reliability and safety of onboard electrical systems. Among these challenges, AC series arc faults pose 
a significant risk due to their potential to degrade system integrity and cause fire hazards. Detecting 
such faults is particularly challenging because of their intermittent nature and similarity to normal 
load switching events. This article proposes a novel AC series arc fault detection technique based 
on time-domain current waveform analysis. The technique quantifies the asymmetry introduced by 
arc faults using cross-entropy and extracts the fault-imposed component to derive a fault detection 
index. The energy of this component is monitored over time to distinguish persistent arc faults from 
transient disturbances. The effectiveness of the proposed technique is evaluated through extensive 
MATLAB/Simulink simulations. Various case studies, including load switching events, nonlinear loads, 
and system parameter variations, are analyzed to assess the technique’s robustness. Additionally, 
a sensitivity analysis is conducted to investigate the impact of key parameters on detection 
performance. The results confirm that the proposed technique achieves high sensitivity and reliability 
in detecting series arc faults while effectively discriminating against non-fault disturbances, making 
it a promising solution for enhancing the safety and protection of next-generation aircraft electrical 
systems.
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List of symbols
CEF   Cross-entropy during a fault
CEN   Cross-entropy during normal operation
CESI   Fault-imposed component of cross-entropy
iarc  Current of the series arc
K  Number of samples per cycle
L  Inductance of load
l  Arc length
F  Arc function
N  Number of samples per half-cycle
Pr   Given pressure of the gas in which the arc is formed
Rc  Corona, glowing or melted bridge resistance
R  Resistance of load
TS   Sampling period
tSAFDI  Time duration of satisfying SAFDI > ξ
tw   Waiting time
varc  Voltage of the series arc
vs  Feeding bus voltage
W  Length of the sliding data window for energy calculation
ξ  Disturbance detection threshold
Abbreviations
AC  Alternating current
ANN  Artificial neural network
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APU  Auxiliary power unit
ATRU  Auto-transformer rectifier unit
ATU  Autotransformer unit
CAGR  Compound annual growth rate
CNN  Convolutional Neural Network
DC  Direct current
FFT  Fast Fourier transform
IEA  International energy agency
MEA  More electric aircraft
NN  Neural Network
PDS  Power distribution system
RAT  Ram air turbine
SAFDI  Series arc fault detection index
SC  Subtractive correlation
SSPC  Solid-state power controllers
TDR  Time domain reflectometry
TNN  Transformer neural network

Background and challenges
The aviation industry is undergoing a significant transformation towards electrification, driven by mounting 
environmental concerns and rapid technological advancements. Figure  1 shows the share of carbon dioxide 
(CO2) emissions by various sectors of transportation in 2023 where the aviation sector contributes approximately 
about 10% of all transportation-related emissions  1. International Energy Agency (IEA) report states that, 
in 2023, the aviation sector contributed 2.5% of global energy-related CO2 emissions, experiencing faster growth 
between 2000 and 2019 than other transportation modes such as rail, road, and shipping 2. With the resurgence 
of international travel post-COVID-19, aviation emissions nearly reached 950 Mt CO2, surpassing 90% of pre-
pandemic levels. To achieve emission reductions in alignment with the Net Zero Emissions by 2050 Scenario, 
the demand for sustainable solutions has become critical  3. The More Electric Aircraft (MEA) paradigm 
represents a significant evolution in modern aviation, characterized by the replacement of traditional hydraulic, 
pneumatic, and mechanical subsystems with advanced electrical systems  4,5. This transition is driven by the 
need for enhanced operational efficiency, improved reliability, and reduced environmental impact. By leveraging 
advancements in power electronics and high-efficiency electric motors, MEA designs enable lighter aircraft 
architectures and more efficient aircraft power distribution systems (PDSs). These innovations not only reduce 
fuel consumption but also lower greenhouse gas emissions, aligning with the aviation industry’s sustainability 
goals 6,7. Furthermore, the modularity and adaptability of electrical systems facilitate easier maintenance and 
upgrades, contributing to lower lifecycle costs and greater system resilience. The MEA market, valued at USD 
4.40 billion in 2025, is projected to grow to USD 8.19 billion by 2030, reflecting a compound annual growth rate 
(CAGR) of 13.22% during this period 8.

The transition to MEA has led to a substantial increase in electrical power demands, introducing new 
challenges in fault detection within the aircraft PDS. One of the most critical issues is the occurrence of 
intermittent arc faults, which are transient phenomena often triggered by environmental factors such as in-flight 
vibrations, mechanical stress on aging cables, or degraded insulation 9. These faults are notoriously difficult to 
replicate and diagnose after landing, complicating routine maintenance and increasing the risk of system failures 
or onboard fires if left undetected. Additionally, the use of higher voltage levels and distributed architectures in 
modern aircraft has heightened the risk and frequency of arc faults. Existing protection systems, such as thermal 

Fig. 1. Share of transport CO2 emissions by sector in 2023 1.
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circuit breakers, often fail to detect these faults due to their short duration, low magnitude, and erratic nature. 
To ensure safe and reliable operation, the development of an accurate and fast arc fault detection technique is 
imperative, necessitating advanced algorithms that can address the dynamic and complex conditions inherent 
in aircraft PDS.

Literature review
Based on the nature of supply voltage, arc faults can be generally classified into two categories: alternating 
current (AC) arc faults and direct current (DC) arc faults. Each category poses unique challenges in detection 
and mitigation, and several techniques have been presented to address these challenges as follows.

• DC arc fault detection techniques Ref. 10 introduces the transmission matrix modeling technique to develop 
accurate and simplified normal and faulty load circuit models and proposes an intermittent DC arc fault 
detection technique based on temporary deviations in load circuit coefficients and wiring parameters. A DC 
arc fault detection technique based on an improved LeNet5 Convolutional Neural Network (CNN) model 
is presented in 11, which utilizes time-frequency analysis of DC currents to enhance real-time detection by 
leveraging the adaptive and multidimensional features of the signals. Ref. 12 presents a generalized real-time 
DC arc fault detection technique that utilizes time-frequency domain features analyzed through a feed-for-
ward Artificial Neural Network (ANN). In 13, a DC series arc test platform is developed for series arc optical 
detection in the MEA DC system, with empirical mode decomposition used to extract characteristic arc light 
wavelengths and wavelet transformation applied to reduce equipment noise. A machine learning technique 
is presented in 14 for detecting DC series arcs by analyzing a database of current signal measurements from 
both arc faults and nominal conditions, with a classifier implemented based on the extraction of key features 
from conventional current signals. Ref.  15 presents a DC series arc detection technique that monitors the 
fractal dimension of supply and load current and voltage waveforms for enhanced fault identification. In 16, 
real-time snapshot data from current and voltage transducers in radial/loop aircraft electrical systems is pro-
cessed through a state estimator, which smooths the data, identifies faulty transducers, and provides optimal 
estimates of voltage and phase angles across the network, representing its operational state.

• AC arc fault detection techniques Ref. 17 presents two AC arc fault detection techniques using half-cycle data 
analysis, employing Fast Fourier Transform (FFT) and Wavelet Packet Decomposition (WPD) to distinguish 
fault currents from normal operation. A deep learning approach using a sequence-based Transformer Neural 
Network (TNN) model, repurposed as a sequence-to-sequence framework, is presented in 18 to detect AC arc 
faults by analyzing electric current windows containing at least one signal period. An enhanced technique 
for localizing and identifying soft faults in complex aircraft microgrid wiring networks using time domain 
reflectometry (TDR), the subtractive correlation (SC) method, and neural networks (NNs) is presented in 19.

Aims and contributions
The objective of this article is to develop a robust and accurate fault detection technique for AC series arc faults 
in MEA electrical systems to address their detection complexity due to the intermittent and low-current nature 
of these faults. The proposed technique analyzes the time-domain characteristics of the current waveform, 
using cross-entropy to quantify waveform asymmetry caused by arc faults. The energy of the fault-imposed 
component of the cross-entropy signal serves as the fault detection index, ensuring both sensitivity and effective 
discrimination against non-fault events such as load switching and nonlinear loads. To validate the effectiveness 
of this technique, extensive simulations are conducted in MATLAB/Simulink. The study also includes a sensitivity 
analysis to evaluate the impact of key parameters on detection performance. The results of this article contribute 
to the advancement of arc fault detection methodologies in next-generation MEA systems by improving safety 
and reliability in aviation electrical networks.

Article organization
The remainder of this article is organized as follows. Section 2 provides an analysis of the characteristics of AC 
series arc faults in MEA electrical systems, highlighting their impact on current waveforms and the challenges 
associated with their detection. Section  3 introduces the proposed arc fault protection technique, detailing 
the mathematical formulation, fault detection index, and decision-making process. The study aircraft PDS 
is described in Section 4. Section 5 presents the performance evaluation of the proposed technique through 
extensive simulations under various operating conditions, followed by a sensitivity analysis to assess the effect 
of key parameters on detection accuracy. Section 6 presents a discussion. Finally, Section 7 concludes the article.

Characteristics of arc faults in MEA systems
Aircraft microgrids exhibit several key differences from terrestrial microgrids 20,21, primarily due to the unique 
operational constraints and safety requirements of aviation electrical systems:

• Frequency characteristics Unlike conventional terrestrial microgrids operating at 50/60 Hz, aircraft microgrids 
typically operate at a higher and sometimes variable frequency, often around 400 Hz, to reduce the size and 
weight of electrical components.

• Compact size Aircraft microgrids are significantly smaller in scale compared to their terrestrial counterparts 
due to space and weight limitations.

• Uninterrupted power supply: Ensuring continuous power delivery to critical loads is of utmost importance in 
aircraft electrical networks, far exceeding the reliability requirements of conventional terrestrial distribution 
systems.
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• Islanded operation The aircraft electrical system operates in a permanently islanded mode, with no external 
grid connection, making self-sufficiency a critical design factor.

• High-reliability protection Fault protection in aircraft electrical systems demands exceptionally high reliability, 
as any failure must be managed without compromising the safety and operation of the aircraft.

In aircraft electrical systems, several types of faults can occur, each posing unique challenges to system stability 
and safety. The most common types are open circuits, short circuits, and arc faults. Arc faults, in particular, 
have become a growing concern due to their potential to cause significant damage and compromise aviation 
safety 17. An arc fault occurs when electricity breaks down a typically nonconductive medium, like air, generating 
high-temperature plasma discharges that can melt insulation, ignite fires, and endanger aircraft cables and 
equipment 22. Figure 2 presents a statistical analysis of the causes and locations of arc faults within the aircraft 
PDS. The data reveals that over one-third of these faults stem from insulation failures in the affected equipment. 
This highlights the critical importance of detecting arc faults in wiring systems to enhance overall safety and 
reliability.

Arc faults can be categorized into three main types based on their location and cause: series, parallel, and 
ground arc faults 11. Series arc faults occur due to loose or poor connections in the electrical system and are 
more challenging to detect because they result in small current changes that often go unnoticed by conventional 
circuit breakers 18. Parallel arc faults, which resemble short circuits between wires or between wires and electrical 
structures, cause a significant increase in current, making them easier to detect by conventional protection 
systems. Ground arc faults, on the other hand, typically occur between the cable and the chassis of the aircraft. 
Each type of arc fault exhibits distinct characteristics, such as high-frequency noise, changes in the rate of current 
rise (di/dt), voltage drops, and sudden voltage spikes  10. These unique signatures make arc fault detection a 
complex but critical task. Due to the subtle and erratic nature of series arc faults, they are the subject of extensive 
research aimed at improving detection accuracy and ensuring timely fault isolation to prevent system damage 
or catastrophic incidents.

AC series arc modeling
Figure 3 shows a simple single-phase equivalent AC circuit with two parallel RL loads, where a series arc fault 
occurs in the load lateral. The arc fault circuit can be modeled as

 
vs = Riarc + L

diarc
dt

+ varc, (1)

where vs is the feeding bus voltage, R and L are the resistance and inductance of load, and varc and iarc are the 
voltage and current of the series arc, respectively. Arc voltage can be related to the arc current as 7

 
varc = F (iarc) = αRciarc

arctan(βiarc)iarcRc + α
, (2)

where Rc is the corona, glowing or melted bridge resistance, F is the arc function, and

 α = f(l, Pr), β = g(l, Pr), Rc = h(l, Pr), (3)

where l is the arc length, Pr  represents the given pressure of the gas in which the arc is formed. A widely used 
method involves defining the functions f, g, and h as bilinear expressions dependent on l and Pr . These functions 

Fig. 2. Causes and locations of arc faults within the aircraft PDS 7.
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are then calibrated using either experimental data or previously published studies, where the characteristics of 
the system are analyzed under varying conditions, including different materials and gases. According to 7, in 
this paper, α = 49, β = 1.46, and Rc = 2221 are considered that are varied around this baseline during the 
simulation to simulate the intermittent nature of the arc faults.

Figure 4 shows the simulation of the AC series arc fault model in the simple circuit of Fig. 3. When the arc 
fault occurs, the resultant arc voltage and current signals are distorted. However, load current amplitude has no 
significant change during the fault period, making conventional current magnitude based protective devices 
ineffective.

Proposed arc fault protection technique
Basic principle
Due to the random nature of arc occurrence and the compact layout of cables in the aircraft PDS, monitoring arc 
fault voltage is not a practical approach. Measuring voltage along all cables is highly challenging, making it an 
unsuitable parameter for fault detection. Instead, arc fault detection and diagnosis rely on analyzing variations 
in the arc fault current, which provides a more accessible and reliable indicator of fault conditions within the 
circuit 17. To protect the aircraft PDS against fault currents, a conventional overcurrent based protective device 
such as a fuse can be adopted. Fuse is self-activating, cost-effective, compact, and highly reliable, capable of 
interrupting fault currents without the need for sensors or actuators. However, its primary drawback is that it 

Fig. 4. Simulation of AC series arc fault model. (a) Arc voltage, (b) arc current, and (c) voltage-current 
characteristic of arc.

 

Fig. 3. Single-phase equivalent AC circuit with series arc fault.
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can only be used once and requires manual replacement after activation 23. In modern aircraft, Solid-State Power 
Controllers (SSPCs) have gained significant attention due to their enhanced reliability, reduced weight, and 
advanced power management capabilities. These semiconductor-based switching devices are rapidly replacing 
traditional electromechanical circuit breakers and relays, enabling smarter, faster, and more efficient power 
distribution in aircraft PDS. The global SSPC market was valued at USD 476.9 million in 2023 and is projected 
to grow at a CAGR of 9.48% through 2029, driven by the increasing adoption of MEA and the need for more 
efficient and intelligent power management solutions 24. Figure 5 shows the block diagram of the SSPC. SSPCs 
utilize MOSFETs, IGBTs, or JFETs as their core switching elements, controlled via microcontrollers that enable 
real-time fault protection, remote control, and system diagnostics 17. The SSPC microcontroller acquires output 
current measurements through a dedicated sensing resistor. Any inaccuracies in signal acquisition due to sensor 
limitations, noise, or sampling constraints can degrade the performance of detection algorithms, particularly 
those relying on waveform asymmetry metrics. The key advantages of SSPCs include instantaneous trip capability 
(25 ms), small size, high reliability, and the ability to monitor load voltage and current 10. Additionally, SSPCs 
can be placed close to the loads, minimizing wiring length, weight, and energy losses, while enhancing overall 
system efficiency. Integrated within an intelligent power controller, SSPCs provide automated power distribution 
management, ensuring robust system performance in modern aircraft.

The low magnitude of series arc fault current as well as the short duration and intermittent nature of this 
fault makes fault detection in aircraft PDS a challenging task for MEA engineers. While SSPCs effectively protect 
against short circuits, overloads, and some arc faults, they struggle with detecting and mitigating series arc 
faults, which require specialized detection techniques 11. To address this limitation, this article proposes a new 
algorithm that can be implemented in the SSPCs of the aircraft PDS. The proposed technique is based on feeder 
current waveform processing to detect series arc faults in aircraft electrical systems. Specifically, it utilizes the 
cross-entropy index, a powerful metric capable of quantifying subtle variations in the waveform. This index 
enhances fault detection by effectively capturing low-amplitude, random, and transient signal changes, which 
are characteristic of series arc faults in aircraft. Unlike conventional techniques, cross-entropy provides a more 
sensitive and quantitative approach, making it particularly well-suited for detecting faults with low current 
magnitudes that are often undetectable by conventional protective devices.

Cross-entropy based arc fault detection
The nonlinearity and intermittent nature of series arc faults, lead to waveform distortions in the current signal. 
These distortions cause sequential half-cycles of the current waveform to differ. Cross-entropy index, a well-
known statistical measure in information theory, quantifies the difference between two probability distributions. 
This index measures how much the waveform distribution under faulty conditions deviates from the normal 
operation state. The key advantage of the cross-entropy index is its ability to detect small and irregular waveform 
perturbations, making it highly suitable for detecting low-current arc faults in aircraft electrical networks. 
Among several candidate features considered-such as skewness, kurtosis, Kullback-Leibler divergence, and 
Teager-Kaiser energy-the cross-entropy method was found to be the most effective due to its high sensitivity 
to non-periodic distortions and strong robustness against non-fault disturbances like load switching and 
non-linear loads. In this article, the cross-entropy index is utilized as a time-domain approach to numerically 
characterize the subtle distortions in the current waveform caused by arc faults in aircraft PDSs. The deviation in 
cross-entropy values over time serves as a fault indicator.

To extract meaningful features for fault detection, the current waveform is sampled at 60  kHz, ensuring 
sufficient resolution to capture waveform variations. Each cycle of the 400 Hz aircraft PDS is considered as a data 
window, as shown in Fig. 6, containing 150 samples per cycle. The current vector is defined as:

Fig. 5. Block diagram of SSPC 11.
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 I = [i(t0 + TS), i(t0 + 2TS), ..., i(t0 + KTS)], (4)

where TS  is the sampling period, and K represents the number of samples per cycle. To analyze the nonlinearity 
introduced by arc faults, each cycle is split into two half-cycles, forming two current vectors:

 

I1 = [i(t0 + TS), ..., i(t0 + (K/2)TS)],
I2 = [i(t0 + (K/2 + 1)TS), ..., i(t0 + KTS)].

 (5)

After forming these vectors, normalization using the L2-norm is applied as

 

Ĩ1 = I1

∥I1∥2
,

Ĩ2 = I2

∥I2∥2
,

 (6)

where ∥I1/2∥2 represents the L2-norm of the current vector for a half-cycle.
The difference between the two sequential half-cycle vectors is quantified using the cross-entropy function, 

given by 25

 
CE(Ĩ1, Ĩ2) = −

N∑
r=1

Ĩ1(r) log Ĩ2(r), (7)

where N = K/2 represents the number of samples per half-cycle. A sliding window approach is used, shifting 
by one cycle, ensuring real-time monitoring of arc fault characteristics. Under normal operating conditions, the 
current waveforms in consecutive half-cycles remain similar, leading to consistent CE values. However, during 
a series arc fault, nonlinearities cause the half-cycle waveforms to differ, resulting in a significant increase in 
cross-entropy values.

As mentioned, the cross-entropy value increases from a non-zero value to another non-zero value, making 
the fault detection threshold a challenging task in various aircraft PDSs. To enhance fault detection robustness 
and minimize network-dependent variations, the fault-imposed component of cross-entropy CEF I  is calculated 
as 26

 CEF I(kTs) = CEF (KTs) − CEN (KTs), (8)

where CEF  represents the cross-entropy during a fault and CEN  represents the cross-entropy during normal 
operation. A practical way to compute the fault-imposed component is using a delta filter, which subtracts the 
delayed cross-entropy signal from its current value as 27

 CEF I(kTs) = |CE(KTs) − CE((K − 1)Ts)|. (9)

Fig. 6. Calculation windows of the proposed technique.
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This approach ensures that under normal conditions, CEF I ≈ 0, whereas during a fault, it takes nonzero values.
In the final step of the proposed technique, the energy of the fault-imposed signal is calculated as the proposed 

series arc fault detection index (SAFDI) as

 
SAFDI =

W∑
i=1

|CEF I(i)|2 , (10)

where W is the length of the sliding data window for energy calculation (in samples).
In the presence of non-fault disturbances, such as load switching, the proposed index increases momentarily 

during the transition to a new operating state. However, this increase is transient, and the index rapidly 
returns to its initial value once the system stabilizes. In contrast, when a series arc fault occurs, the inherently 
intermittent nature of the arc causes continuous distortions in the current waveform across successive half-
cycles. These persistent waveform variations prevent the proposed index from returning to zero, keeping it 
nonzero throughout the entire fault duration. Unlike transient disturbances, which exhibit short-lived index 
spikes, an arc fault introduces sustained fluctuations, leading to a prolonged increase in the index. Thus, the 
key distinguishing factor between non-fault disturbances and arc faults is the temporal behavior of the index: 
in transient events, the index returns to zero quickly, whereas in the presence of a series arc fault, it remains 
elevated due to the ongoing waveform perturbations induced by the fault. Thus, a series fault condition is verified 
if SAFDI > ξ and tSAFDI > tw , where ξ is the disturbance detection threshold, tSAFDI is the time duration of 
satisfying SAFDI > ξ, and tw  is the waiting time.

Threshold selection
The proposed technique has three adjustable parameters. Determining appropriate values for disturbance 
detection threshold ξ, waiting time tw , and window length for calculating energy W require extensive simulation 
studies under various operating conditions. These simulations encompass both normal system disturbances such 
as load fluctuations, switching transients, and harmonic distortions, and AC series arc faults. The maximum value 
of the ξ under normal operating conditions (i.e., in the absence of faults) and the maximum duration for which 
the proposed SAFDI remains above the threshold during load switching events are identified across all simulated 
cases. To achieve a high level of security in fault detection while minimizing false positives, ξ and tw  are set 
larger than these maximum values. There is a trade-off between accuracy and detection speed when selecting 
the window length. A longer window enhances accuracy but increases the fault detection time. Therefore, the 
window length is chosen to ensure a balance between precision and rapid detection, achieving both reliable fault 
identification and timely response. The disturbance detection threshold ξ, waiting time tw , and window length 
for calculating energy W are chosen to be 0.05, 20 ms, and 5 samples, respectively. This empirical approach 
ensures that the algorithm maintains a high detection accuracy, remains resilient to operational uncertainties, 
and avoids misclassification of transient disturbances as arc faults.

Flowchart of the proposed technique
Figure 7 shows the flowchart of the proposed fault detection algorithm. The process begins with sampling the 
measured feeder current waveform, forming a current vector that represents one full cycle of data. Next, the 
sampled data are used to construct two consecutive half-cycle current vectors. After normalizing these vectors, 
the cross-entropy index is applied to quantify the similarity between these two half-cycles. In the next step, the 
fault-imposed component of the cross-entropy signal is extracted. The energy of the fault-imposed signal is 
calculated as the disturbance detection index. If SAFDI exceeds a predefined threshold ξ, the algorithm’s timer is 
activated to measure the duration for which the index remains above the threshold. If this duration surpasses a 
set time threshold tw , an AC series arc fault is confirmed, triggering either a trip signal or an alarm notification.

Study aircraft power distribution system
Figure 8 shows the PDS of the Boeing B787 and Airbus A380 with few modifications, which features a more 
advanced architecture compared to previous generations 28,29. The main generator in these aircraft can provide 
up to 1 MVA, while the auxiliary power unit (APU) generator can deliver up to 450 kVA. A key distinction 
in these systems is the use of a 400 VAC primary bus operating at a variable frequency range of 380-800 Hz, 
replacing the older 200 VAC configurations. In this paper, frequency is considered fixed at 400 Hz. The high-
voltage AC bus serves as the main power source, supplying different subsystems, including a 270  V HVDC 
bus, a 200 V secondary AC bus, and a 28 VDC bus. Power conversion units facilitate the distribution process, 
with the Auto-Transformer Rectifier Unit (ATRU) converting the 400 VAC into 270 VDC, the Autotransformer 
Unit (ATU) stepping down the voltage for the secondary AC bus, and the Transformer Rectifier Unit (TRU) 
generating the 28  VDC supply. The primary PDS integrates multiple power sources, allowing power input 
from the main aircraft generator, APU generator, ground power, and, in emergency situations, from a Ram Air 
Turbine (RAT) generator. The secondary AC bus operates at 200 V. Additionally, it can supply critical DC loads 
through AC/DC converters if the DC bus fails. The 270 V HVDC bus is a key component in MEA designs and is 
commonly found in the latest configurations of the B787 and A380. The ATRU converts power from the primary 
AC bus to 270 VDC, primarily supplying high-power loads such as actuation motors and hydraulic pumps. The 
28 VDC bus is a standard feature across all aircraft and is derived from the primary AC bus using a TRU. It 
supplies low-voltage DC loads, charges onboard batteries, and, in emergency conditions, can power critical AC 
loads through DC/AC conversion. Essential AC and DC loads may also be powered by alternative sources, such 
as the RAT, fuel cell stacks, or DC/DC converters operating from the 28 VDC bus.
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Performance evaluation
To assess the performance of the proposed fault detection technique, multiple case studies in the study test 
system of Fig. 8 are simulated under various operating conditions. The evaluation process considers both normal 
operating scenarios and arc fault conditions to ensure the security and dependability of the proposed index. The 
simulations are conducted using a detailed aircraft electrical system model in MATLAB/Simulink, incorporating 
different disturbances such as load switching and AC series arc faults. Table 1 presents the parameters of the 
study aircraft PDS.

Dependability assessment
In the first scenario, an AC series arc fault is introduced at the midpoint of Cable 2 in Fig.8. The fault is initiated 
on phase a at t = 0s. Figure9 shows the simulation results for SSPC2 current signal. Since the arc fault does not 
cause a significant increase in current magnitude, conventional overcurrent protection devices remain inactive. 
However, the presence of the arc fault introduces waveform distortion in phase a. To quantify this distortion, the 
proposed fault detection index is employed. Before fault inception, the SAFDI remains close to zero. Once the 
arc fault occurs, SAFDI rises beyond the predefined threshold ξ, as shown in Fig. 9. At this point, the algorithm’s 
timer is triggered to monitor the duration for which SAFDI remains above ξ. The fault condition is successfully 
detected at t = 20.15 ms. Notably, SAFDI exceeds the threshold only in phase a, confirming that the proposed 
technique accurately identifies both the occurrence of the fault and the specific faulty phase.

In the second scenario, a series arc fault is introduced at phase b of Cable  3, and the simulation results 
are presented in Fig. 10. The proposed SAFDI remains below the threshold before the fault occurs. However, 
upon fault inception, it exceeds the threshold exclusively in phase b and remains above for tw = 20 ms, thereby 
confirming the presence of a series arc fault.

In the previous scenarios, the analysis focused on steady arc fault conditions. In the third scenario, the 
effectiveness of the proposed technique in detecting intermittent arc faults is examined. A series arc fault is 
repeatedly initiated in phase c of Cable 3 at t = 0, 15, and 22.5 ms, with each fault extinguishing after one cycle. 

Fig. 7. Flowchart of the proposed series arc fault detection technique.
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The simulation results, presented in Fig. 11, show that the proposed SAFDI remains above the threshold for 
more than 20 ms, successfully identifying the intermittent fault condition. It should be noted that if the time 
gap between two consecutive arc ignitions is sufficiently long, the SAFDI drops below the threshold, causing the 
proposed technique to fail in detecting the fault.

Robustness to parameter uncertainty
A critical challenge in aircraft PDS protection is the variation of system parameters over time, which can affect 
the accuracy of fault detection. To assess the performance of the proposed technique under such conditions, the 
resistance and inductance of the cables are increased by 20% to simulate aging effects and parameter fluctuations. 
A series arc fault is then introduced at phase c at the end of Cable 2. The simulation results, presented in Fig. 12, 
show the response of the proposed detection algorithm. The SAFDI increases significantly, surpassing the 
threshold ξ. It remains above this threshold for a duration exceeding tw  exclusively in phase c, ensuring accurate 

Parameter Value

Nominal frequency 400 Hz

Sampling frequency 60 kHz

ATRU nominal voltage 400/270/270 V

Output filter of ATRU R = 0.144 Ω, L = 1 µH, C = 5 mF

TRU nominal voltage 400/28/28 V

Output filter of TRU R = 0.4 Ω, L = 0.1 µH, C = 10 mF

DC/DC converter control coefficients kp = 1 × 10−6  and ki = 1 × 10−4

DC/DC converter filter L = 5 µH and C = 5 mF

DC/AC converter voltage control coefficients kpv = 0.5 and kiv = 15

DC/AC converter current control coefficients kpi = 5 and kii = 150

DC/AC converter filter L = 1 mH and C = 100 µF

AC/DC converter control coefficients kp = 1 × 10−4  and ki = 5 × 10−6

AC/DC converter filter L = 1 µH and C = 5 mF

Cable resistance and inductance 0.11 Ω and 5.5 µH

Table 1. Parameters of the study aircraft PDS.

 

Fig. 8. Block diagram of the study aircraft power distribution system.
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Fig. 10. Proposed SAFDI for an AC series arc fault in Cable 3.

 

Fig. 9. Proposed SAFDI for an AC series arc fault in Cable 2.
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Fig. 12. Proposed SAFDI in the case of change of cable parameters.

 

Fig. 11. Proposed SAFDI for an intermittent AC series arc fault in Cable 3.
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fault detection. This scenario validates the robustness of the proposed technique in detecting series arc faults 
despite variations in system parameters, demonstrating its adaptability to long-term operational changes.

Security assessment
A reliable fault detection technique must remain inactive during non-fault conditions such as load switching. 
To assess this capability, in the first scenario, the load of Cable 3 (140 kW with a power factor of 0.8) is switched 
off. The simulation results, presented in Fig. 13, indicate that while the proposed SAFDI exhibits a noticeable 
increase, it quickly returns below the threshold across all phases before the waiting time elapses. This confirms 
that the proposed technique does not mal-operate under normal switching events, demonstrating its ability to 
distinguish between fault-induced disturbances and routine system variations.

In the next scenario, the performance of the proposed technique is evaluated in the presence of a non-
linear load, which introduces waveform distortion in the current signal. To simulate this condition, a non-linear 
load is switched on in parallel with the load of Cable 2, where a rectifier supplies a parallel R − C  load. The 
simulation results, shown in Fig. 14, reveal that although the SAFDI temporarily exceeds the threshold in all 
phases, indicating a disturbance, it quickly returns below ξ before the waiting time tw  elapses. This confirms that 
the proposed technique effectively differentiates between fault-induced disturbances and waveform distortions 
caused by non-linear loads, ensuring reliable fault detection.

Sensitivity analysis
In the first scenario, a sensitivity analysis is conducted to examine the impact of the sliding data window length 
used for energy calculation. A series arc fault is simulated in phase b of Cable 2, and the proposed fault detection 
index is evaluated for different window lengths. Figure  15 presents the simulation results for W = 2, 5, 10, 
and 20. While a window length of 2 allows fault detection, the SAFDI amplitude remains close to the detection 
threshold, potentially affecting reliability. Conversely, a window length of 5 provides a more distinct and 
acceptable SAFDI amplitude, enhancing detection confidence. Increasing the window length beyond this value 
does not yield significant improvements in SAFDI amplitude but comes at the cost of increased computational 
burden and detection time.

In the second scenario, a sensitivity analysis is conducted to evaluate the impact of sampling frequency on 
fault detection performance. A high sampling rate is required to capture fast transient signatures of arc faults 
in the 400 Hz aircraft system, enabling accurate waveform analysis. A series arc fault is simulated in phase a of 
Cable 3, and the proposed fault detection index is computed for different sampling frequencies, including 10, 60, 
100, and 200 kHz. The simulation results, shown in Fig. 16, indicate that while a sampling frequency of 10 kHz 
allows fault detection, the SAFDI amplitude remains close to the detection threshold, which may compromise 
reliability. A sampling frequency of 60 kHz provides a sufficiently high SAFDI amplitude, ensuring reliable fault 

Fig. 13. Proposed SAFDI in the case of normal load switching.
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identification. Higher sampling frequencies further enhance the robustness of SAFDI; however, they come at the 
cost of increased computational complexity and hardware requirements.

Discussion
Comparative assessment
The comparative assessment of the proposed SAFDI with existing AC series arc fault detection techniques 
is presented in Table 2. The proposed technique operates with a moderate sampling frequency and does not 

Fig. 15. Proposed SAFDI with various data window lengths.

 

Fig. 14. Proposed SAFDI in the case of harmonic load switching.

 

Scientific Reports |        (2025) 15:26108 14| https://doi.org/10.1038/s41598-025-11935-6

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


require a training dataset. It has been extensively tested in a 400 Hz aircraft PDS, considering critical operational 
conditions including non-linear loads, load switching events, and parameter variations. In contrast, many 
previous studies lack such comprehensive evaluations under such conditions. On the other hand,18 examines 
three different aircraft power system frequencies of 400, 600, and 800 Hz, and19 extends its approach to fault 
location determination in addition to fault identification. Moreover, artificial intelligence based techniques (18,19) 
offer higher accuracy in fault detection compared to signal processing based techniques.

Practical considerations and experimental challenges
Conducting real-world experiments to validate the proposed arc fault detection technique in aircraft power 
distribution systems presents several practical challenges. One major issue is the inherent danger of electrical 
arcs, which can generate intense heat, sparks, and electromagnetic interference-necessitating specialized 
equipment and fast disconnection mechanisms to ensure safety. Moreover, replicating the actual conditions of 
aircraft electrical systems, which operate at 400 Hz and involve nonlinear and switching loads, requires advanced 
infrastructure that is often unavailable in academic environments. Additionally, producing arc faults in a stable 
and repeatable manner is difficult, as arc behavior is highly dependent on variables such as gap distance, electrode 
material, voltage, and current, and is inherently stochastic. Arc faults also generate significant electrical noise, 
which can affect measurement accuracy and demands the integration of robust filtering and noise mitigation 
techniques into the detection system.

Future work
Future studies should focus on enhancing SSPC capabilities for arc fault detection in variable-frequency aircraft 
PDSs, which are integral to next-generation aircraft. Additionally, improving algorithm robustness under 
diverse operating conditions remains essential, particularly in mitigating the effects of measurement noise 
and distinguishing arc faults from non-linear loads that generate second harmonic components and waveform 
asymmetry. Furthermore, extending the method to accurately localize the faulty segment after detection would 
significantly enhance fault management and system recovery. Moreover, the proposed algorithm can be extended 
and adapted for the detection of open and shunt fault types, including high-impedance faults, to broaden its 
applicability in aircraft electrical systems. Finally, future work can focus on optimizing the detection algorithm 
by incorporating the effects of cable material, length, and environmental conditions to enhance accuracy and 
reduce diagnosis time.

17 18 19 Proposed Technique

Technique FFT and WPD Deep learning using TNN TDR, SC, and NN Cross-entropy

Accuracy Medium High High Medium

Sampling frequency 25 kHz 100 kHz NA* 60 kHz

Aircraft PDS frequency 400 Hz 400, 600, 800 Hz NA 400 Hz

Arc fault detection device SSPC NA NA SSPC

Tested under non-linear load? X X X ✓
No requirement for a training dataset? ✓ X X ✓
Tested under load switching? X X X ✓
Tested under parameter uncertainty? X X X ✓
Determined fault location? X X ✓ X

Table 2. Comparison of the proposed SAFDI with some existing AC series arc fault detection techniques. 
*NA: Not applicable

 

Fig. 16. Proposed SAFDI with various sampling frequencies.
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Conclusion
This paper presented a protection technique for detecting AC series arc faults in aircraft PDSs. The core of the 
proposed technique lies in cross-entropy analysis, which effectively captures waveform asymmetry caused by arc 
faults. To improve robustness, the fault-imposed component of the entropy signal was isolated, and its energy 
was formulated into a new index called the SAFDI. Extensive simulation studies were carried out to evaluate the 
technique under diverse scenarios. The technique was validated against various series arc fault conditions and 
shown to consistently detect faults with a response time of approximately 20 ms. Importantly, it demonstrated 
high resilience by remaining inactive during normal operational events, such as load switching and the presence 
of nonlinear loads, avoiding false positives. A sensitivity analysis on the sliding data window length and 
sampling frequency further reinforced the robustness and adaptability of the technique. The results show that 
the technique can accurately identify the faulty phase without being affected by operational disturbances.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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