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INTRODUCTION

Abstract
Highwoltage direct current (HVDC) transmission systems play a critical role in

longdistance power transfer, renewable energy integration, and cross-border grid
interconnections. However, their fastchanging fault dynamics and low inherent
fault current make timely and accurate fault detection a major challenge. This
study proposes an advanced sensor-driven framework for rapid HVDC fault
detection using high-resolution optical, magnetic, and intelligent electronic sensors.
The approach leverages realtime data acquisition, high-frequency sampling, and
feature extraction to identify transient fault signatures with improved precision.
Machinelearningassisted signal analysis is integrated to classify different fault
types, such as poleto-ground, pole-to-pole, and converter station faults, within
milliseconds. Experimental validation on a simulated HVDC test environment
demonstrates significant improvements in detection speed, sensitivity, and noise
immunity compared to conventional threshold-based methods. The results show
that advanced sensor fusion effectively enhances system reliability and stability by
enabling fast isolation and minimizing the risk of converter damage and power
interruption. This research contributes to the development of intelligent protection
schemes for next-generation HVDC grids.

High-voltage direct current (HVDC) transmission
systems have become an essential component of
modern power networks due to their high
efficiency, long-distance transmission capability,
and suitability for integrating large-scale
renewable energy sources. Compared to
traditional AC transmission, HVDC systems
offer transmission  losses,

lower improved

stability, and greater controllability, making them
increasingly adopted in national grids, offshore
wind farms, and cross-border interconnections.
Despite these advantages, HVDC networks face
significant challenges in protection and fault
detection because of their unique operational
characteristics. HVDC faults propagate rapidly,
exhibit low natural fault current, and can cause
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severe damage to converters and transmission
equipment if not detected and isolated within a
very short time frame.

Conventional protection systems often rely on
current  thresholds, voltage  drops, and
communication-assisted schemes to detect DC
faults. However, these methods may suffer from
limited sensitivity, slower response times, and

difficulties in distinguishing between transient
disturbances and actual fault conditions. As
HVDC systems expand in scale and complexity
especially with the increasing deployment of
multi-terminal HVDC (MT-HVDCQC) networks the
need for more accurate, faster, and intelligent
fault detection mechanisms becomes critical as
show in figure 1.
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Figure 1 Proposed intelligent sensor-driven framework for rapid HVDC fault detection and classification
using advanced sensors and machine-learning-based analytics.

Advancements in sensor technologies provide
promising opportunities to address these
challenges. Modern optical sensors, magnetic
sensors, and intelligent electronic devices can
capture high-frequency transient signatures that
occur during fault initiation. When combined
with advanced signal processing and data-driven
algorithms, these enable the early
detection of pole-to-pole, pole-to-ground, and
converter station faults with improved speed and
techniques further
enhance system reliability by integrating data
from multiple sensing modalities, reducing noise,

SENSors

accuracy. Sensor fusion

and improving fault classification in complex
network conditions [14].

This research focuses on developing an advanced
sensor-based approach to HVDC fault detection
that leverages high-resolution measurements, real-
time analytics, and machinelearning-assisted
classification. By improving detection speed and
precision, the proposed method supports faster
fault isolation, reduces the risk of converter
damage, and enhances the overall resilience of
HVDC transmission networks. The study
contributes toward the development of next-
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generation intelligent protection schemes suitable

for future HVDC and hybrid AC/DC grids.

Related Work

Reliable and ultra-fast fault detection remains
one of the most critical challenges in high-voltage
direct current (HVDC) transmission systems due
to their low fault current levels and rapid
transient behavior. Over the past decade,
extensive research efforts have been dedicated to
improving HVDC protection schemes, primarily
focusing on signal-based, model-based, and data-
driven approaches.

Early HVDC fault detection techniques mainly

relied on  conventional  threshold-based
protection  using voltage drops, current
magnitude  variations, and rate-of-change

indicators [1]. Although these methods are simple
and easy to implement, their performance is
often limited in detecting high-resistance faults
and distinguishing between transient
disturbances and actual fault conditions [2].
Moreover, communication-assisted protection
schemes introduce delays and may reduce system
reliability, particularly in large-scale and multi-
terminal HVDC (MT-HVDC) networks [3][15].
To overcome these limitations, traveling-wave-
based methods were introduced to exploit high-
frequency transient components generated
during fault initiation [4]. These approaches
provide faster detection compared to traditional
methods; however, their accuracy is highly
dependent on precise time synchronization,
sensor placement, and noisefree measurements
(5]l6]. In practical HVDC environments,
electromagnetic interference and measurement
uncertainty can significantly degrade their
performance, limiting their widespread adoption
[71(16].

Recent advancements in sensor technologies have
enabled the deployment of high-bandwidth
optical sensors, magnetic field sensors, and
intelligent electronic devices (IEDs) for HVDC
protection [8][23]. Optical current and voltage
sensors, in particular, offer high accuracy and
immunity to electromagnetic interference,
making them suitable for capturing fast transient
signatures. Several studies have demonstrated

that combining multiple sensing modalities
improves fault observability; however, many of
these works still rely on single-feature or fixed-
threshold  decision logic, which restricts
adaptability under varying operating conditions
9.

In parallel, signal processing techniques such as
wavelet transforms, time-frequency analysis, and
transient energy-based indicators have been
widely explored for HVDC fault detection [10].
These methods enhance sensitivity to fast-
changing fault dynamics but often suffer from
high computational complexity and difficulty in
real-time implementation, especially when
applied to largescale HVDC networks with
multiple terminals and converters [10][11].

More recently, machinelearning-based fault
detection and classification methods have gained
attention due to their ability to learn complex
nonlinear patterns from data [17]. Supervised
learning models have been applied to classify
HVDC fault types using extracted features from
voltage and current signals [12]{24]. While these
approaches demonstrate high classification
accuracy, many existing studies focus on single-
sensor inputs or lack comprehensive sensor
fusion strategies, making them vulnerable to
noise and sensor failures.

Compared to existing works, this study advances
the state of the art by integrating advanced multi-
modal sensors, high-frequency transient feature
extraction, sensor fusion, and machine-learning-
assisted fault classification within a unified
protection framework [13](25]. Unlike
conventional or single-technique approaches, the
proposed method enhances detection speed,
robustness, and sensitivity to weak and high-
resistance faults. By leveraging complementary
information from optical, magnetic, and
intelligent electronic sensors, the framework
addresses key limitations of prior HVDC fault
detection schemes and supports the requirements
of next-generation intelligent HVDC protection
systems.

Methodology
The proposed methodology introduces an
intelligent and sensor-driven framework for high-
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voltage direct current (HVDC) fault detection,
designed to achieve ultra-fast and accurate
protection. The framework integrates advanced
sensing technologies with realtime signal
processing and machine-learning-based decision-
making. By continuously monitoring system
parameters and analyzing transient signatures
generated during fault initiation, the proposed
approach enables early fault detection and
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classification. The methodology follows a
structured workflow that begins with high-
resolution data acquisition from multiple sensors,
followed by signal preprocessing, feature
extraction, sensor fusion, and intelligent fault
classification. This layered architecture ensures
robustness, scalability, and suitability for next-
generation HVDC grids as show in figure 2.
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Figure 2 Intelligent Sensor-Driven HVDC Fault Detection Framework

HVDC System Modeling and Fault Scenarios

To evaluate the effectiveness of the proposed
fault detection approach, a detailed HVDC
transmission system is modeled in a simulation
environment that closely reflects realworld
operating conditions [18]. The model includes
converter stations, DC transmission lines, filters,
and protection components operating under
normal and stressed conditions. Various fault
scenarios are deliberately introduced to assess

detection accuracy and response speed. These
scenarios include pole-to-ground faults, pole-to-
pole faults, and converter station faults occurring
at different locations and with varying fault
resistances. By testing the system under multiple
operating states and fault severities, the
methodology ensures comprehensive validation
and improved generalization of the detection
mechanism.
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Advanced Sensor Deployment and Data
Acquisition

Advanced sensors are deployed at critical points
of the HVDC system, particularly near converter
stations and along the DC transmission lines, to
capture fast-changing electrical and
electromagnetic signals. Optical sensors are used
for precise voltage and current measurements due
to  their immunity to  electromagnetic
interference, while magnetic field sensors detect
rapid current transients associated with fault
events. Intelligent electronic sensors further
enhance the framework by enabling localized
processing and synchronized measurements. All
sensors operate at high sampling rates to ensure
that transient fault signatures are accurately
captured. Real-time synchronized data acquisition
allows consistent and reliable analysis across
multiple sensing modalities.

Signal Preprocessing and Feature Extraction

The raw data collected from the sensors often
contain noise and non-faultrelated disturbances
that can affect detection accuracy. Therefore,
signal preprocessing is performed to enhance
data quality and reliability [19][22]. This stage
includes noise filtering, normalization, and
segmentation of transient
corresponding to fault initiation periods. Time-
frequency analysis techniques are applied to
isolate high-frequency components that are
characteristic of HVDC faults. From the
processed signals, informative features are
extracted that represent both temporal and
spectral characteristics of the system. These
features  effectively  capture  faultinduced
variations and form a  comprehensive
representation of system behavior under

windows

abnormal conditions.

Sensor Fusion and Fault Detection Logic

To improve fault detection reliability, sensor
fusion is employed by combining feature
information obtained from optical, magnetic,
and intelligent electronic sensors. This fusion
process enhances system observability and
reduces the likelihood of false alarms caused by
sensor noise or localized disturbances. By

analyzing fused feature patterns rather than
relying on individual sensor measurements, the
fault detection logic can more accurately
distinguish between normal transients and actual
fault events. Adaptive thresholds are applied to
the fused features to identify abnormal deviations
while maintaining sensitivity to low-current and
high-resistance faults commonly encountered in
HVDC systems.

Machine-Learning-Assisted Fault Classification
Once a fault event is detected, a machine-
learning-based classifier is used to identify the
specific type of fault. The classifier is trained
using labeled datasets generated from the
simulated HVDC system under various operating
conditions and fault scenarios. By learning the
distinctive patterns associated with pole-to-
ground, pole-to-pole, and converter station faults,
the model can accurately classify fault types
within milliseconds [20][21]. This intelligent
classification capability supports rapid decision-
making and enables selective protection actions,
thereby minimizing unnecessary shutdowns and
improving system availability.

Performance Evaluation and Validation

The effectiveness of the proposed methodology is
evaluated using multiple performance metrics,
including fault detection time, classification
accuracy, sensitivity to weak faults, and
robustness under noisy conditions. Simulation
results are analyzed to assess how quickly and
accurately the system detects and classifies faults
compared to conventional threshold-based
protection schemes. The evaluation demonstrates
that the proposed sensor-driven and machine-
learning-assisted approach significantly improves
detection speed, accuracy, and noise immunity,
making it wellsuited for modern HVDC
protection requirements.

Implementation Considerations

The proposed methodology is designed with
practical implementation in mind and can be
easily integrated into existing HVDC protection
infrastructures. Its modular architecture allows
scalability for multi-terminal HVDC networks
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and hybrid AC/DC grids. The use of advanced
sensors and intelligent analytics supports future
upgrades toward fully autonomous protection
systems. By enabling faster fault isolation and
reducing the risk of converter damage, the
methodology contributes to enhanced reliability,
resilience, and operational stability of next-
generation HVDC transmission systems.

Mathematical Model of the Proposed HVDC
Fault Detection Framework

The proposed HVDC fault detection framework
is mathematically modeled by representing the
HVDC system dynamics, sensor measurements,
feature extraction process, sensor fusion, and
machine-learning-based fault classification.

1. HVDC System Representation

Let the HVDC transmission system be
represented by a set of state variables describing
voltage and current dynamics:

x() = [Vac(® lac@® V(O]

where V;.(t)is the DC link voltage, I;.(t)is the
DC line current, and V,.(t)represents converter-
side voltage.

The system dynamics can be expressed as:
x(t) = Ax(t) + Bu(t) + F(t)

where Aand Bare system matrices, u(t)represents
control inputs, and F(t)denotes fault-induced
disturbances.

2. Sensor Measurement Model

Multiple advanced sensors measure electrical and
electromagnetic quantities. The sensor output
vector is defined as:

y(t) = Cx(t) + n(t)

where y(t) = [y, (£), Y (t), i (£)]” corresponds
to optical, magnetic, and intelligent electronic
sensor measurements, Cis the measurement
matrix, and n(t)represents measurement noise.
3. Signal Preprocessing and Feature Extraction
Transient fault signatures are captured by
extracting time-frequency features from sensor
signals. The feature vector is defined as:

f(t) = (y(®)

where ®(-)represents preprocessing operations
such as filtering, normalization, and time-
frequency transformation.

Extracted features include:

dlgc

dt’

e Transient energy E, = Y | y(t) 1%,

e Statistical measures such as variance and

e Rate of change of current

kurtosis.

4. Sensor Fusion Model

Feature-level sensor fusion is employed to
improve fault observability. The fused feature
vector is expressed as:

N
frusion(®) = ) wicfi(6)
k=1

where f;(t)is the feature vector from the k-th
sensor, Wyis the corresponding weighting factor,
and Nis the number of sensors.

5. Fault Detection Logic
Fault detection is performed by comparing fused
features with adaptive thresholds:

D(t) = {1’ if | fquion(t) - fref 1> 6

0, otherwise

where f,.osrepresents the reference feature vector
under normal conditions, Jdis the detection
threshold, and D (t)indicates fault presence.

6. Machine-Learning-Based Fault Classification
Upon fault detection, a supervised learning
classifier maps fused features to fault categories:

¢ = M (frusion (1))

where M (+)denotes the trained machine-learning
model and ¢ € {Fpg, Fpp, F¢s}represents pole-to-
ground, pole-to-pole, and converter station faults,
respectively.

7. Performance Metrics

The performance of the proposed model is
evaluated using detection time Ty, classification
accuracy A, and robustness R,,, defined as:

X 100%

Ncorrect
A, ="
total
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where  Ngprrectis the number of correctly
classified faults and Niytqpis the total number of
fault cases.

This mathematical formulation demonstrates
how HVDC system dynamics, advanced sensor
measurements, feature extraction, sensor fusion,
and machinelearning-based classification are
systematically integrated to achieve fast and
reliable fault detection. The proposed model
supports real-time implementation and provides a
strong analytical foundation for intelligent
HVDC protection schemes.

Results and Discussion
This section presents the performance evaluation

of the proposed advanced sensor-based HVDC

Table 1: Comparison of Fault Detection Time

fault detection framework. The results are
obtained through extensive simulations under
multiple fault scenarios and operating conditions.
The proposed approach is compared with a
conventional threshold-based HVDC protection
scheme to demonstrate its effectiveness in terms
of detection speed, accuracy, and robustness.

Fault Detection Time Analysis

One of the most critical requirements of HVDC
protection systems is ultra-fast fault detection.
Table 1 presents a comparison of average fault
detection times for different fault types using the
proposed method and the conventional approach
as show in table 1.

Fault Type Conventional Method (ms) | Proposed Method (ms)
Pole-to-Ground 8.5 2.1
Pole-to-Pole 7.9 1.8
Converter Station Fault 9.2 2.4

The results show that the proposed sensor-driven
approach significantly reduces fault detection
On average, the speed is
improved by more than 70%, enabling faster

time. detection

isolation and reducing stress on converters and
DC breakers. A bar graph illustrating fault

detection time for each fault type shows a clear
reduction in detection time when using the
proposed method compared to the conventional
scheme. The proposed approach consistently
achieves detection within 2-3 ms as show in
figure 3.
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Fault Detection Time Comparison

12

10 A

Detection Time (ms)
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I Proposed

Pole-to-Pole
Fault Type

Converter Station

Figure 3 Comparison of fault detection time for different HVDC fault types using conventional and
proposed methods.

Fault Classification Accuracy
Accurate fault classification is essential for
selective protection and reliable system operation.

Table 2: Fault Classification Accuracy

The classification accuracy of the machine-

learning-assisted framework is evaluated using
multiple test cases as shown in table 2.

Fault Type Number of Test Cases | Classification Accuracy (%)
Pole-to-Ground 120 98.6
Pole-to-Pole 110 99.1
Converter Station Fault 100 97.8
Overall Accuracy 330 98.5

The results demonstrate that the proposed
classifier  accurately  distinguishes  between
different HVDC fault types. The high accuracy
confirms the effectiveness of extracted transient
features and sensor fusion in capturing fault-

specific signatures. A pie chart or bar chart
representing classification accuracy highlights
consistently high accuracy across all fault
categories, with poleto-pole faults achieving the
highest accuracy as show in figure 4.

https://thesesjournal.com

| Zia et al., 2025 |

Page 421


https://portal.issn.org/resource/ISSN/3006-7030
https://portal.issn.org/resource/ISSN/3006-7030

Spectrum of Engineering Sciences
ISSN (e) 3007-3138 (p) 3007-312X Volume 3, Issue 12, 2025

Fault Classification Accuracy
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Figure 4 Fault classification accuracy of the proposed sensor-based HVDC fault detection framework.
Sensitivity to High-Resistance Faults

HVDC systems often experience high-resistance fault currents. Table 3 compares detection
faults, which are difficult to detect using sensitivity under varying fault resistance levels as
conventional threshold-based methods due to low show in table 3.

Table 3: Detection Sensitivity under High-Resistance Faults

Fault Resistance (Q) Conventional Proposed
Detection Detection
5 Detected Detected
25 Detected Detected
50 Missed Detected
100 Missed Detected
The proposed method successfully detects high- transient analysis and sensor fusion, which do
resistance faults where conventional methods fail. not rely solely on current magnitude.
This improvement is attributed to high-frequency A line graph showing detection success versus

fault resistance illustrates that the proposed
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method maintains reliable detection even as

approach as show in figure 5.

resistance increases, unlike the conventional
Detection Sensitivity under High-Resistance Faults

104 @ & )
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Figure 5 Detection sensitivity comparison under varying fault resistance levels.
Noise Immunity and Robustness Evaluation

To evaluate robustness, noise is added to sensor
measurements to simulate real-world

Table 4: Detection Accuracy under Noisy Conditions

electromagnetic interference. Detection accuracy
under noisy conditions is summarized in Table 4.

Noise Level Conventional Accuracy (%) | Proposed Accuracy (%)
Low Noise 94.2 99.0
Medium Noise 87.6 97.3
High Noise 79.4 95.1
The results confirm that the proposed framework A comparative line graph shows accuracy

maintains high detection accuracy even under
severe noise conditions. Sensor fusion and
intelligent feature extraction significantly improve

noise immunity.

degradation with increasing noise levels. The
proposed method exhibits
performance decline than
approach as show in figure 6.

a much slower

the conventional
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Noise Immunity Comparison
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Figure 6 Detection accuracy under different noise conditions.
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