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Abstract

The cornerstone of any electric power system lies in its power transformers, as their seamless operation is crucial
for network reliability. Instant disconnection from the grid is imperative upon detecting any faults to prevent
cascading issues. However, distinguishing between fault conditions, like inrush current, which necessitates
caution rather than immediate action, poses a challenge for effective protection schemes. This dilemma can lead
to relay malfunctions, further jeopardizing system integrity. This paper delves into a thorough analysis and
comparison of various methods employed in differential protection to discern between internal faults and inrush
currents, aiming to enhance system resilience. This comprehensive review explores the efficacy of intelligent
techniques, hybrid approaches, and traditional methods in fault detection. By shedding light on the strengths and
limitations of each method, researchers in this domain can glean insights to innovate and address the deficiencies
of existing strategies in tackling internal faults and inrush currents detection. Ultimately, this endeavor seeks to
fortify the reliability and stability of power systems in the face of dynamic operational challenges.
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1 Introduction the years, the evolution of protection relays has
followed a discernible timeline, progressing through

An electric power system operates as a cohesive various stages of technological advancement. It

network of multiple components, collaborating to
deliver electrical energy to consumers. Among these
components, the transformer stands out as a pivotal and
substantial investment, demanding a robust protection
system characterized by both reliability and swift
response times. This system must swiftly and decisively
isolate the transformer from the rest of the network
upon detecting a fault. Transformers, among the
system's most critical assets, warrant protection
primarily against overloads and faults. Ensuring their
uninterrupted functionality is paramount, given their
significance and the potential repercussions of any
operational deviations. Thus, the protection measures
must be carefully designed and executed to uphold
system integrity and prevent costly downtime [1]. Over

commenced with the era of electromechanical relays
typified by CDG (current induction disc generator)
relays. Subsequent strides in manufacturing led to the
emergence of static relays, marking a significant
departure from their predecessors. This evolution
culminated in the advent of digital relays, representing
a pivotal shift towards more sophisticated and adaptable
protection mechanisms. Today, the pinnacle of this
evolution is embodied in modern numerical relays
equipped with microprocessors capable of intricate data
processing. These relays exhibit unparalleled capability
to discern between normal and abnormal system
conditions, ensuring swift and accurate decision-
making. The latest iteration of protection relays, known
as Intelligent Electronic Devices (IEDs), epitomizes the
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convergence of technology and innovation to address
the challenges inherent in electrical protection systems.

IEDs stand as a testament to the relentless pursuit
of technological solutions to enhance the efficacy and
resilience of electrical protection infrastructure. Their
integration signifies a paradigm shift towards more
intelligent, more responsive systems capable of
safeguarding critical assets with unparalleled precision
and reliability [2]. To streamline future repair efforts,
the protection system must minimize the downtime
associated with transformer malfunction while
mitigating the risk of catastrophic failure. This entails
maintaining robust protection capable of swiftly
isolating the transformer in response to abnormal
conditions. Prolonged operation of the transformer
amidst abnormal circumstances compromises its
immediate functionality and accelerates wear and tear,
diminishing its overall lifespan. Therefore, an efficient
protection mechanism is vital, as it not only safeguards
against immediate disruptions but also extends the
longevity of the transformer by preventing prolonged
exposure to adverse operating conditions. By promptly
initiating shutdown procedures during abnormal events,
the protection system plays a pivotal role in preserving
the integrity and reliability of the transformer, thus
ensuring the sustained performance of the electrical
system as a whole [3]. Instabilities in conventional
differential protection can arise from myriad factors,
each presenting unique challenges to the system's
reliability. Tap changer errors, for instance, introduce
fluctuations that disrupt the normal operating
parameters, potentially compromising the effectiveness
of the protection scheme. Similarly, transformer
switching maneuvers, especially those exacerbating
inrush currents, pose significant challenges by
distorting the expected current profiles, thereby
complicating accurate fault detection. Furthermore, the
emergence of the zero-sequence current component
further exacerbates the complexity of differential
protection, as it deviates from the typical differential
current patterns, leading to false alarms or missed
detections. These factors collectively underscore the
inherent  vulnerabilities of traditional protection
methods in addressing modern operational exigencies.
Navigating these challenges necessitates innovative
solutions capable of adapting to dynamic operational
environments. By leveraging advanced technologies
and methodologies, such as intelligent algorithms and
hybrid protection schemes, it becomes possible to
enhance the resilience and efficacy of protection
systems, ensuring robust performance even amidst
evolving system dynamics [4].

Protection remains paramount as long as there
exists any probability of failure within the electrical
system. Consequently, it becomes imperative to swiftly
isolate a faulty transformer upon the occurrence of an
internal fault. This proactive measure serves multiple
critical purposes: it prevents the escalation of damage,
preserves the overall stability of the electricity grid, and
ultimately safeguards the quality of electricity supplied to
consumers. The risk of exacerbating the fault and causing
additional damage to the system is mitigated by promptly
disconnecting the faulty transformer. This protects the
integrity of the transformer itself and prevents potential
cascading failures that could disrupt the entire electricity
network. Moreover, by ensuring the timely isolation of
faulty equipment, the protection system maintains the
desired quality standards of electricity delivery, thereby
upholding  reliability —and  meeting  consumer
expectations. In essence, the swift response of protection
mechanisms in isolating faulty transformers serves as a
cornerstone in maintaining the integrity, stability, and
quality of the electricity system. The objectives of the
protection system for the transformer are to ensure that
the transformer operates within normal load parameters,
to handle any difficulties arising from secondary
overload to prevent damage to the transformer, to isolate
the transformer before it completely loses control, and to
maintain the overall functionality of the power system.
Any faulty transformers should be promptly removed
from the system [5].

Ensuring the efficacy of a protection system
hinges on its ability to detect and respond to specific
variations within the power grid that could potentially
lead to equipment damage or prolonged outages.
Protective strategies within the power grid are
meticulously crafted per the specifications and design
of system components, aiming to mitigate common
risks stemming from line-switching activities and load
fluctuations. During the design phase of a protection
approach, numerous factors must be carefully weighed
against cost considerations. Key design elements must
strike a delicate balance to achieve optimal
performance. Reliability, selectivity, speed, and
sensitivity are paramount considerations. Reliability
stands as a cornerstone, ensuring that the protection
system consistently operates as intended, instilling
confidence in its ability to safeguard critical assets.
Selectivity is equally crucial, enabling the system to
precisely identify and isolate faults while minimizing
the impact on unaffected areas. Speed is of the
essence, as swift response times are imperative to
mitigate potential damages and reduce downtime.
Additionally, sensitivity plays a pivotal role, allowing
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the system to discern subtle variations and trigger
appropriate responses, even in challenging operating
conditions. By prioritizing these features in the design
of protective systems, engineers can cultivate a robust
framework capable of effectively addressing diverse
threats and ensuring the power grid's resilience against
potential disruptions [5], [6].

Various methods have been proposed to enhance
the recognition of inrush current from internal faults.
However, many of these methods may still not be able
to satisfy this distinction in all situations.

The contributions of this paper are highlighted as
follows. A review of transformer protection schemes
against internal and external faults and transient
phenomena is presented. All techniques used in power
transformer differential protection to address issues
related to internal defect recognition are discussed.
The advantages and disadvantages of each technique
are comprehensively reviewed, including modeling
techniques, estimations, and concepts. This review
represents the latest advancements in the field and
serves as a valuable resource for researchers. It
provides insights into improving transformer
differential relays' performance by addressing the
limitations of existing techniques. Also, it thoroughly
compares two main differential protection techniques,
conventional and intelligent. The latest advancements
in these techniques are also presented in detail.

2 Transformer Protection Schemes

Various protection schemes are employed to safeguard
transformers against both internal and external faults.
Table 1 showcases common faults encountered in power
transformers and corresponding electrical and mechanical
protection measures. The array of protection schemes
aimed at safeguarding transformers from internal and
external disturbances can be summarized as follows.

Table 1: Transformer fault types and recommended
protection [5]-[7]
Transformer Faults

Type
Transformer winding

Recommended Protections

Differential and overcurrent relays

Inter-turn faults Differential and Buchholz relays

Transformer core Differential and Buchholz relays

Transformer tank Differential, Buchholz and oil level
gauge
Over flux Volts-Hertz relay

Transformer overload Overcurrent relay

Transformer tap changer Differential and gas receive relays

Transformer temperature Winding temperature and oil
rise temperature levels

2.1 Overcurrent protection

This protective measure serves as a secondary defense
for transformers, shielding them from short circuits
and overloads. Activated when the current on either
side of the transformer surpasses a predefined
threshold, it acts as a fail-safe mechanism. Crucially,
it distinguishes currents arising from internal faults
from those associated with external defects or regular
load operations, much like other protection systems
employing overcurrent relays. External faults or
prolonged excessive loads can lead to overheating of
the transformer windings, resulting in insulation
degradation. This degradation heightens the risk of
internal ~ flashovers  within  the  transformer,
underscoring the critical importance of this protective
measure in averting potential damage and ensuring the
transformer's sustained functionality [7]. Time-delay
overcurrent relays represent a viable option for
safeguarding transformers against internal faults.
These relays are specifically designed to provide a
delayed response to overcurrent conditions, allowing
for differentiation between temporary surges and
sustained fault currents. By incorporating a time delay,
these relays ensure that the protection system does not
unnecessarily trip during transient events, thereby
enhancing the reliability of the transformer's
operation. In the context of transformer protection,
time-delay overcurrent relays play a crucial role in
detecting internal defects such as winding faults or
insulation failures. By providing a time delay before
initiating protective actions, these relays allow for
identifying and isolating internal faults while
minimizing the risk of false tripping due to temporary
disturbances. This targeted approach enhances the
overall effectiveness of the protection scheme,
ensuring prompt and accurate response to internal
faults while maintaining system stability [6].

2.2 Earth Fault and Restricted Earth Fault Protection
(REF)

The grounding of transformer windings can be
achieved through direct solid grounding or the use of
either resistance or reactors, depending on the specific
requirements of the protection scheme in place. This
particular  protection system is meticulously
engineered to address earth-winding faults effectively.
In this design, the overcurrent units may be
exclusively connected in the neutral phase,
predominantly in the residual phase, or incorporated
into a differential connection encompassing both the
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earth and all phases. Due to the cancellation effect of
load currents, these overcurrent units necessitate
significantly lower settings compared to phase
overcurrent units. In cases where non-differential
connections are utilized, the incorporation of
harmonic restraint may be necessary. While these
configurations typically offer lower settings, they are
tailored to protect solely the earthed winding [7].
Traditional earth fault protection methods
employing overcurrent devices may not provide
adequate protection for transformer windings,
especially in cases where a star-connected winding has
an impedance-earthed neutral. To address this
limitation, the implementation of restricted earth fault
protection, commonly referred to as REF protection,
substantially enhances the level of protection. REF
protection offers a notable advantage by significantly
increasing its effectiveness, particularly for star-
connected windings with impedance-earthed neutrals.
This method allows for the application of restricted
earth fault protection on both windings of a two-
winding transformer, providing comprehensive and
high-speed protection against earth faults with
minimal additional equipment requirements. A high-
impedance relay is typically selected for REF
protection configurations for optimal performance in
terms of rapid operation and phase fault stability. This
choice ensures a swift and reliable response to fault
conditions while maintaining system stability [8], [9].

2.3 Over-flux protection

Transformers operate within specific flux parameters,
and exceeding these levels can increase core
temperature, resulting in overheating throughout the
transformer. It is crucial to implement protective
measures to prevent damage from this occurrence. The
flux in a transformer is directly related to the voltage-
to-frequency ratio (V/f). As such, over-flux protection
functions by monitoring and responding to variations
in this ratio [7], [10].

2.4 Over voltage protection

Any increase in system voltage can accelerate the
aging process of transformers by causing insulation
failure. Therefore, voltage protection is essential to
shield transformers from voltage fluctuations [10]. It
is imperative to assess whether the current overvoltage
protection systems are adequate or if there are design
flaws contributing to transformer damage [11]. High
overvoltage at transformer terminals can stem from

switching events or lightning strikes. Overvoltage
may also manifest at the secondary terminals of an
unloaded transformer, especially when protective auto
transformers are activated through a feeder of
considerable length [12].

2.5 Differential protection

These scenarios were using overcurrent protection
exclusively for power transformers poses challenges
due to coordination issues and prolonged fault
clearance times, the application of differential
protection becomes imperative. As per established
protection policies and philosophies, the predominant
technique employed for preventing internal short
circuits in transformers rated at 10 MVA [7], [13] and
above is the implementation of differential protection.
Differential relays function by calculating the
disparity between currents measured by current
transformers (CTs) situated on the primary and
secondary windings of the transformer. This
calculated difference, known as the "differential
current," serves as a key indicator of internal faults.
When the magnitude of the differential current
exceeds a predetermined threshold, the differential
protection system interprets it as indicative of an
internal defect. Consequently, a trip signal is issued to
the circuit breaker, prompting the disconnection of the
transformer from the electrical grid. This swift
response mechanism ensures timely isolation of the
transformer to prevent further damage and maintain
the integrity of the power system.

3 Principles of Differential Protection

Differential protection serves as the primary safeguard
for transformers, as depicted in the basic strategy
outlined in Figure 1 [3]. In this configuration, Ip and
Ig, denote the primary and secondary currents of the
system, respectively. Under normal operating
conditions, the secondary current passing through the
CTs remains constant, resulting in no current flow
through the differential protection circuit. As
illustrated in Figure 1(a), when a fault occurs outside
the transformer zone, the fault current traverses both
CTs. Since the fault current passing through both CTs
is identical, the differential relay configuration
prevents any current flow through the protection relay,
even in instances of high fault current [3]. Conversely,
in the differential protection configuration shown in
Figure 1(b), an internal fault triggers the current flow
in opposite directions into both CTs. Consequently,
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the differential relay discerns the current disparity and
issues a command signal to the circuit breaker in
response to the internal fault [14], [15].
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Figure 1: Differential relay configuration (a) External
fault case (b) Internal fault case.
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Figure 2: Typical inrush current for a power transformer.

Despite the ability of a differential relay, under
ideal circumstances, to differentiate between internal
and external faults, various phenomena can lead to the
failure of the differential protection system. These
phenomena often stem from the nonlinear characteristics
inherent in the transformer core and CTs. During the
startup of a power transformer, a substantial inrush
current surges into the high-voltage side of the
protective autotransformer. The magnitude of this
inrush current is influenced by several factors,
including the transformer's capacity, primary winding
resistance, grid voltage, and residual flux at the moment
of switching [1]. This influx of current has the potential

to disrupt the proper functioning of the differential
protection system, resulting in the issuance of a false
trip signal. Figure 2 depicts a typical inrush current
waveform. The primary challenge associated with
differential protection revolves around effectively
managing the impact of inrush current.

The magnitude of the current might exceed its
specified rating significantly, and it may take several
milliseconds for its decaying time constant to decrease
to a few cycles. A high-current flow with a significant
harmonic component can lead to abnormal operation
of protective equipment. This abnormal operation has
repercussions on the entire system because the
amplitude of the inrush current surpasses the capacity
of circuit breakers, isolators, and fuses. This results in
noise and distortion entering the power system,
affecting its quality. Moreover, it subjects the
transformer core and windings to mechanical stress,
ultimately impacting the lifespan of the transformer
[16], [17]. In certain instances, significant differential
currents have been noted to flow unexpectedly, even
in the absence of faults. This occurrence is attributed
to second harmonics under specific operational
circumstances. Such incidents typically arise when a
nonlinear load, such as a furnace, is introduced into
the power system associated with the transformer.
This form of malfunction differs from the commonly
encountered issue caused by energizing an unloaded
transformer. Unlike the immediate malfunction
observed during transformer energization, this type of
malfunction occurs after a considerable delay
following the switching-in of the load [18], [19]. In
order to trigger the differential relay and subsequently
isolate the transformer, a substantial magnitude of the
differential current is required to induce malfunctions.
These occurrences encompass various phenomena,
such as sympathetic inrush current, magnetizing
inrush current during the energization process, and CT
saturation. These phenomena are intricately linked
with the nonlinear characteristics inherent in power
transformers and CT cores [20].

4 Transformer Differential Protection Techniques

Numerous methods have been proposed in the
literature to differentiate between inrush current and
internal faults for application in the differential relays
of power transformers. These methods can be broadly
categorized into two main groups: conventional and
intelligent differential protection techniques. Below,
we delve into the fundamentals of each approach.
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Figure 3: Transformer Differential Protection Techniques.

Table 2: Ratio of harmonics components in ideal I1C [6]

Components of Harmonics Amplitudes
in Magnetizing IC (% of Fundamental)

D.C 55

Second 63

Third 26.8

Fourth 51

Fifth 4.1

Sixth 3.7

Seventh 2.4

4.1 Conventional differential protection methods

Figure 3 illustrates the primary methods within this
category, including the harmonic-current restraint
technique, gap detection technique, flux-based techniques,
and transformer inductance technique. These methods
play pivotal roles in enhancing the effectiveness of
differential protection for power transformers.

4.1.1 Harmonic-Current Restraint Technique

The harmonic-current restraint method is a well-
established technique utilized to differentiate between
inrush current and internal faults. Typically, the
presence of the 2nd harmonic within the inrush current
ranges between 30% and 60% of the fundamental
component, as outlined in Table 2 [6]. In this
approach, detecting harmonic components plays a
crucial role in distinguishing inrush current from faults
and ensuring the correct operation of the differential
protection system [21]. Harmonics are evaluated in
relation to the fundamental frequency, where the
second harmonic falls within the range of 30% to 60%,
the third harmonic between 10% and 30%, and
subsequent  harmonics decrease  progressively.
Therefore, the presence of inrush current is identified

by observing the percentage value of the second
harmonic, which falls within the range of 0.3 to 0.6
times the amplitude of the fundamental frequency.
Any deviation from this range indicates the detection
of an external or internal fault [15].

To enhance the reliability of the differential
protection relay, researchers have explored utilizing
the sum of the 2nd and 5th harmonics [22]. Various
methods are employed to determine harmonic
components, including passive filters, Fourier
transform, sine-rectangular transform, Haar function,
Walsh function, extended Kalman filter, least squares
algorithm, and Debauches function [4]. However,
advancements in power transformer manufacturing,
particularly in magnetic materials such as amorphous
transformer cores with low power dissipation, have
limited the effectiveness of this technique [23], [24].
In modern transformers, the amplitude of the 2nd
harmonic in inrush current during startup is typically
around 7% of the fundamental component, leading to
differential relay malfunctions [24]. Simply reducing
the threshold values for the second harmonic is not an
optimal solution, as excessively low thresholds may
cause the differential protection to malfunction in the
presence of internal defects if they fall below 15% of
the fundamental component [21]. In Wang et al. [25],
an adaptive identification technique based on the 2nd
harmonic is proposed to enhance the detection of
transformer inrush current. This technique utilizes a
floating threshold value that adjusts dynamically
based on fluctuations in the 2nd harmonic and
fundamental components over time, enabling the
differential relay to restrain itself effectively during
instances of inrush current. Sutherland 1996 [26]
introduces the concept of utilizing Prony analysis to
assess the energy of first and second harmonics. This
ratio is subsequently determined by analyzing the
damping specifications of the fundamental and second
harmonics. A notable discrepancy between inrush
current and internal defects is observed when
comparing the fundamental and second harmonic
energies. In Krishnamurthy and Baningobera 2019
[27], transformer differential relays with harmonic
constraints can be tested using either single-frequency
or multiple-frequency harmonic sources, Yielding
comparable results with slight variations. Relay
manufacturers typically mandate tests utilizing several
harmonic sources, often employing a diode half-wave
rectifier. When testing relays using single-frequency
harmonic sources in accordance with manufacturer
standards, users may opt to compare multiple relays
simultaneously. The principal outcome of Sutherland
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1996 [26] is the development of a harmonic blocking
scheme for transformers aimed at preventing the
overcurrent relay (SEL751A) from tripping under
transformer inrush current conditions. This s
achieved by employing component 87HB of the
transformer differential type (SEL487E) to transmit a
harmonic blocking signal via an IEC61850 GOOSE
protocol.

A drawback of this technique is its susceptibility
to interference from long transmission lines, where the
presence of inductance and capacitance can negatively
affect the performance of differential protection.
Specifically, capacitors can induce resonance and
amplify the harmonic components within the line,
potentially undermining the reliability of the
protection system [16]. However, this method offers
enhanced safety in scenarios where the harmonic
content of one or both phases is insufficient to prevent
relay operation, thus proving valuable in certain
applications [23], [28].

4.1.2 Gap detection technique

Gap detection involves identifying time intervals
during which the differential current approaches zero.
Typically, this gap duration exceeds 1/4 cycle for
inrush currents and is less than 1/4 cycle for internal
faults. Thus, by analyzing this gap, it becomes
possible to differentiate between inrush currents and
internal defects [29], [30]. However, the performance
of the gap detection algorithm can be impacted by CT
saturation, particularly due to the significant DC
component present in inrush currents [31]. Notably,
certain transformer protection relays, such as those
manufactured by SIEMENS and AREVA, utilize this
technique to discern between inrush currents and
internal defects [9], [10]. A simple yet effective
technique for enhancing the functionality of a
differential relay is discussed [29]. The proposed
method employs the most advanced technique for
differential relays available in the current generation,
following the classification of the relay's input signal
using a classification algorithm. The method
circumvents the drawbacks associated with gap-and-
harmonic-based detection techniques by opting for
this direct approach. A test setup featuring a resistive
solid-state fault current limiter (FCL) is employed,
subjecting it to various scenarios to validate the
reliability of the suggested technique. The results
confirm the accuracy and consistency of the modified
technique, demonstrating its efficacy both with and

without the presence of the FCL, as well as in
scenarios involving CT saturation.

4.1.3 Flux-based techniques

Flux-based techniques rely on changes in magnetizing
flux (linkage flux) and leakage flux as indicators of
internal faults in power transformers. These
techniques exploit the disparity in flux levels between
normal operation and fault conditions, particularly
when inrush current passes through the primary
winding. A flux-based method is proposed, utilizing
the computation of the relationship between the rate of
change of linkage flux (dA/di) and the current rate of
change as a restraining factor [32]. This restraint
function is derived from the measured voltage and
current data. It's worth noting that the computation
does not directly use linkage flux due to challenges in
accurately quantifying remnant flux. While it was
demonstrates the effectiveness of this method in
distinguishing between internal defects and inrush
current, its precision relies on the accurate
measurement of leakage inductance and appropriate
selection of threshold values for the derivative dA/di
[21]. One implementation of this technique involves
measuring leakage flux using optical fiber sensors
positioned at various points near the transformer yoke.
Notably, the leakage flux observed when the no-load
transformer is energized differs significantly from that
during normal operation, allowing for identifying
inrush current [33]. However, a primary disadvantage
of this technique is the necessity of installing a flux
sensor.

A notable drawback of this approach is the
requirement for experimental measurements of
transformer parameters. Additionally, errors in current
and flux measurements can lead to false operations of
transformer differential protection [34]. These
limitations underscore the need for careful calibration
and precise measurement techniques when implementing
flux-based protection methods.

Differential Relay

Fuzzy Rules

l

Interface
Technique

Differential Current Trip Signal

Defuzzification

Figure 4: Fuzzy logic architecture.
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4.1.4 Transformer inductance technique

During both internal faults and normal operation, the
linear section of a power transformer core's magnetic
characteristic maintains a consistent magnetizing
inductance. This stability arises from the core
remaining unsaturated and experiencing minimal
magnetizing current. However, transformer core
saturation, which occurs during inrush current,
represents a significant deviation from this behavior.
Furthermore, during inrush current events, the iron
core undergoes fluctuations between saturation and
non-saturation states, leading to abrupt changes in
magnetizing inductance [35].

Based on this technique, the instantaneous
inductance of the transformer is determined by
measuring the current and voltage on both sides of the
transformer. Subsequently, the calculated
instantaneous inductance is compared to a predefined
threshold value. If the calculated value exceeds the
threshold, it indicates the presence of an inrush
current; conversely, if it falls below the threshold, the
scenario is classified as an internal fault. The
algorithm's execution time is less than a quarter cycle,
making it highly efficient. Moreover, the algorithm is
well-suited for CT saturation situations [35].
Experiments were conducted at Tsinghua University's
laboratory to validate the proposed techniques using a
three-phase transformer bank supplied by a 50 Hz
power system grid. Nevertheless, a limitation of the
Transformer Inductance Technique lies in its reliance
on specific transformer specifications. Additionally,
to yield accurate and dependable results, this
technique necessitates the availability of current and
voltage transformers [36].

4.2 Intelligent differential protection methods

Figure 3 highlights the key methods within this
category, including the fuzzy logic (FL) technique,
wavelet transform (WT) technique, artificial neural
network (ANN) technique, as well as hybrid and
innovative techniques.

4.2.1 Fuzzy Logic Technique

Fuzzy logic emulates human-like reasoning in
processing tasks, comprising three primary stages:
Fuzzification, Inference, and Defuzzification, as
depicted in Figure 4 [37]. In the first stage, crisp
quantities are transformed into fuzzy sets using
membership functions. Various types of membership

functions, including bell-shaped, Gauss, sigmoid,
triangular, and S-curve waveforms, can be utilized.
Subsequently, fuzzy inference processes the fuzzy sets
using IF-THEN rules to determine the appropriate
sequence of actions or outputs [38]. The final stage,
known as defuzzification, converts the fuzzified outputs
back into crisp values. Since 1993, fuzzy logic-based
techniques have been proposed to enhance the
functionality of differential protection in distinguishing
inrush current from internal defects. Various criteria for
differential protection approaches based on fuzzy logic
have been introduced [38], outlining the formulation of
fuzzy settings and protection criteria. These criteria are
combined with two supporting conditions to issue a
more reliable tripping signal, ensuring a robust
decision-making process.

A multi-criterion stabilization algorithm is
proposed to enhance discrimination through fuzzy
reasoning [39]. This algorithm is tested using real-
world data and signals generated by EMTP-ATP. The

suggested  protection  algorithm  demonstrates
reliability and significantly higher sensitivity
compared to conventional algorithms. The
investigation ~ encompasses  various  operating

conditions of power transformers and the behavior of
different criterion signals. An EMTP model of a power
transformer with a power system was developed to
facilitate this. Over 80,000 different scenarios,
including internal defects, external faults, and
transformer energization, were generated using this
model. The simulations also considered turn-to-turn
shorts, particularly those involving only a few turns,
for internal failure scenarios. Different configurations
of transformer operation (loaded, unloaded, and
supplied from both sides) were examined for
energization scenarios. The determination of criterion
signals, combinations, and threshold values was based
on this extensive dataset [39].

Fuzzy logic emerges as a potent mathematical
tool, forming the basis of a protection approach centered
on ruling out non-internal failure phenomena [40].
Simulation results underscore the effectiveness of this
fuzzy protection technique, which can swiftly identify
internal faults in less than half a cycle, thereby
significantly enhancing the overall protection system.
Meanwhile, a method leveraging fuzzy reasoning
techniques was proposed to enhance the
discrimination between inrush current and internal
faults [18]. Through advanced stabilization techniques
evaluated using signals generated by EMTP-ATP, the
study demonstrates superior reliability and sensitivity
compared to traditional stabilization approaches with
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crisp settings. An algorithm based on adaptive fuzzy
logic was introduced to optimize slopes for the
stability characteristics of differential relays under
varying conditions [36]. Utilizing PSCAD/EMTDC,
the algorithm's performance is thoroughly scrutinized
and compared with conventional methods. Simulation
results highlight the algorithm's robustness to CT
saturation during external faults. Lastly, a research
introduces a fuzzy-based algorithm incorporating
various elements, including a percentage of the
differential feature curve, a flux-differential current
derivatives curve, and harmonic restraint to enhance
transformer protection [19].

The research explores the application of fuzzy
logic in power transformer differential protection [41].
The protection scheme incorporates both differential
and overcurrent relay principles. The overcurrent relay
is proposed to serve as a backup protection
mechanism, while the differential relay provides the
primary protection. A fuzzy logic controller is
developed to orchestrate the coordinated operation of
the main and backup protection systems and identify
any abnormal operation. Numerical results indicate
that the proposed model offers the transformer swift,
comprehensive, and robust protection. One drawback
of the fuzzy logic technique is its relatively longer
decision-making time in transformer protection
applications.

4.2.2 Wavelet transform technique

WT offers significant advantages in processing data
within the time-frequency domain, addressing the
limitations of the fast Fourier transform (FFT) when
analyzing nonstationary signals. The discrete WT
(DWT) proves particularly useful in extracting signal
contents by segregating them into approximation and
detailed signals, indicating various signal features.
Through DWT, the signal undergoes decomposition
into low and high-frequency components via the
application of high-pass and low-pass filters [42],
followed by a down sampling process to generate
approximation and detail coefficients for specific
frequency bands. This process, illustrated in Figure 5,
iterates until reaching a predetermined level. Selecting
an appropriate mother wavelet is paramount for
diagnosing and analyzing transient events in power
transformers. The Daubechies wavelet emerges as a
suitable choice for investigating high-frequency
current signals characterized by short periods, fast
decay, and abrupt swings [43]. The choice of mother
wavelet significantly influences the accuracy of signal

feature identification. Selecting an appropriate mother
wavelet relies on the Pearson correlation coefficient
(denoted as y) calculation, which is computed and
compared for all types of Daubechies wavelets
according to Equation (1). This calculation aims to
identify the optimal wavelet from a predefined set of
wavelets (dbl, db2, ..., db6) that can best approximate
the original signal. The ideal wavelet is determined
based on which wavelet's approximation exhibits the
highest Pearson correlation coefficient with the
original current signal during an internal fault scenario.

)

= (M- M)(N-N)
JEM— M)*L(N-N)?

Where M is the original current signal, N is the
wavelet signal, and the mean values of M and N, are
denoted by M and N, respectively [44]. WT offers
the inherent advantage of prioritizing transient
conditions and enabling the selection of shorter
analysis intervals. This focus on transient phenomena
allows for the reliable identification of transient

current  signals  through  effective  current
characterization [43].
| !
| :
I |
|
| |
: |
[

|
4—»{ Level 1 ]4—»{4—»{ Level 1 }4—»'4—»{ Level 1 }*'

Figure 5: Multi-resolution for approximation and
details.

The differential protection of power transformers
utilizing WT is introduced [45]. Since the accuracy of
any classifier method hinges on the input parameters,
data derived from various coefficients can be
employed as inputs to classifier algorithms to discern
between fault and non-fault conditions. Fault
identification algorithms are constructed by
comparing the detail coefficients generated using
DWT with a predefined threshold value [23], [24].
EMTP-ATP is utilized to simulate various internal
faults and switching conditions to evaluate the
performance of the proposed approach. The suggested
REF protection system enhances phase-to-ground
fault detection by utilizing high-frequency components
instead of phasor estimates [46]. This wavelet-based
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REF protection system is tested against comparable
conventional restricted earth-fault units using
simulated phase-to-ground faults for a few winding
turns. The discrimination criterion is based on
synchronizing the maximum and minimum points
between the transformer flux and the differential
current wavelet coefficient [47]. An innovative
algorithm [48] employs wavelet packet transform
(WPT) to distinguish inrush currents from internal
defects. By utilizing a wavelet-based processor step,
high-frequency components of disturbances are
collected and organized, leading to the development
of a suitable criterion within an appropriate frequency
range. The presented method [49] describes a
decision-making method that utilizes a wavelet
transform-based feature extraction approach to
differentiate between inrush current and internal
defects in power transformers. This highlights WT's
superior time and frequency localization properties
compared to FFT, resulting in more unique feature
extraction. An efficient wavelet transform-based
technique for indirect symmetrical phase shift
transformers (ISPST) is proposed [50]. Differential
current wavelet energy is calculated using
conventional Parseval's theorem, and an appropriate
threshold is selected to distinguish between inrush
current and internal defects. The approach proposed in
[51] entails minimal computational burden and has
been specifically designed for real-time applications.
It was implemented on a digital signal processor to
enable real-time analysis. The suggested wavelet-
based protection strategy represents a promising
alternative to traditional differential protection relays,
offering  potential for integration alongside
conventional differential protection methods in future
applications.

A method is proposed to differentiate between
faults and healthy conditions in power transformers
using the continuous WT (CWT) [52]. This
differentiation relies on the analysis of the differential
current waveform since the characteristics of the
initial zero crossing of faults and inrush currents
differ. However, WT-based techniques exhibit
drawbacks such as high sensitivity to noise and the
influence of CT saturation on their performance [53].

4.2.3 Artificial Neural Network (ANN) Technique

The fundamental architecture of a neural network
encompasses three key components: the input or
multiplication stage, the activation or transfer
function, and the output [54], [55], depicted in Figure 6.

Neural networks are structured with an input, hidden,
and output layer. Artificial neurons or nodes are
interconnected and endowed with threshold values
within these layers. Input signals are directed into the
neural input layer, where neurons function as
processors, generating outputs through basic nonlinear
operations on the input values. Each neuron is
assigned a weight, with neural network training
adjusting these weights according to the training
process [56]. Both feed-forward and back-propagation
neural networks are harnessed to differentiate faults
from other transient conditions using offline methods
[57].

Artificial Neural Network

Differential Current Trip Signal

Feature Extraction

Figure 6: ANN structure.

A novel approach combines two ANNSs in a
master-slave configuration [58]. These interconnected
ANNSs employ innovative strategies, including novel
concepts for parallel hidden layers, to distinguish
between inrush current and internal defects
effectively. Similarly, statistical inference techniques
was utilized such as mean value, standard deviation,
and product-moment correlation coefficient in
conjunction with an ANN to discern between inrush
current and internal faults [59]. Moreover, a study
introduces a denoising-classification neural network
that integrates a convolutional neural network (CNN)
with a convolutional auto-encoder [60]. This hybrid
model reliably safeguards transformers by analyzing
the voltage differential current curve.

Differential protection is established by
employing ANNSs to train on primary and secondary
currents using neural network tools. This approach is
aimed at safeguarding a Terco-type transformer with
a capacity of 2 KVA [61].

A CNN-based technique for rapidly identifying
inrush current from fault conditions is introduced [62].
One of the key advantages of this method is its
integration of fault detection and feature extraction
blocks within a single deep neural network (DNN)
block. Meanwhile, the approach proposed in [63]
involves a feed-forward ANN functioning as a
classifier. Notably, this method incorporates statistical
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data samples for training the neural network using
back-propagation neural networks. Additionally, a
DNN-based technique called CLGNN [64],
combining CNN with light-gated recurrent units
(LGRU) was developed. The algorithm exhibits
promising accuracy in distinguishing inrush current
from internal defects.

The fast gated recurrent neural network
(FGRNN) is designed to swiftly adapt to rapid
changes and significantly reduce computation time by
eliminating the reset gate in the gated recurrent unit
(GRU) [65]. Through comprehensive comparisons
involving simulations and experiments encompassing
various external factors, including seven established
algorithms, it is demonstrated that the suggested
FGRNN outperforms both GRU and the
aforementioned algorithms in terms of speed and
reliability. An experimental prototype is employed to
evaluate the proposed approach, utilizing a three-
phase transformer with specifications of 380/380 V,
50 Hz, and 1 kVA to gather the experimental data.

The primary limitations of ANN-based
techniques include their heavy reliance on transformer
parameters, substantial memory storage requirements,
challenging experimental setup, high computational
expenses during training, and limited generalization to
diverse systems.

4.2.4 Hybrid and Innovation Techniques

In general, hybrid techniques consist of two
algorithms that overcome the shortcomings of each
algorithm and satisfy the full algorithm in terms of
accuracy and reliability. An approach built on a Clark-
based transform to extract signal characteristics and a
modified  hyperbolic  S-transform  for  fault
classification are proposed [66]. It is proposed for
cascaded WTs for differential current decomposition
at high band frequencies to use feature extraction as
input for empirical mode decomposition to distinguish
inrush current from internal defects [67].

The developed approach [68] is constructed in
two parts: the first part adopts the S-transform because
it is accurate in terms of signal processing and facility
feature extraction, and then the features are converted
into numerical values. Fuzzy logic is the second part,
which is responsible for decision-making in
classifying faults and inrush currents. A differential
protection [69] is based on Clark and WT in the time
domain, with only one differential unit per power
transformer and automatic settings available. An
efficient CNN and extreme gradient boosting

(XGBoost) [70] are combined to improve the accuracy
of differential protection. A one-dimensional CNN
receives data produced by various test scenarios for
high-level feature extraction. After that, XGBoost is
employed as an effective classification tool to
discriminate transformer internal faults from other
abnormalities accurately.

The algorithm introduced in [71] combines DWT
and probabilistic neural networks (PNN). The high-
frequency components of fault signals are
decomposed using DWT. The PNN is divided into two
training scenarios to compare the splitting algorithm's
maximum ratio with the DWT's maximum coefficient.
The simulation system is applied to several case
studies based on Thailand's energy transmission and
distribution networks.

A differential protection system employing WT
and an adaptive neuro-fuzzy inference system
(ANFIS) is developed [72]. A probabilistic distance
measurement (PDM) method is proposed in [73] to
differentiate between inrush currents and internal
defects in power transformers. Investigations on the
performance of a differential relay for various fault
types under geomagnetically induced current (GIC)
conditions are conducted in [19]. The results obtained
under GIC conditions validate the reliability of the
transformer model used in the EMTP-RV software
environment for time-domain simulations. A
technique based on a rate of change of phase angle
(RoCoPA) is introduced to identify inrush currents
from internal faults [74]. Another approach [75] is
based on the integral principles of transformer
differential protection, requiring the direct calculation
of standard signals from various stages' operating and
restraint currents. Combining DWT with ANNSs, an
algorithm for fault recognition from normal conditions
is proposed [76]. However, this method suffers from
the drawback of taking approximately one cycle to
issue a final decision. A technique based on PNN and
DWT of differential current details [77] is presented
to distinguish between inrush currents and internal
faults in a single-phase transformer. Notably, this
approach lacks details regarding accuracy, execution
time, and its suitability for single-phase modules [78].

In the research that has been done in [79], the
differential relay philosophy for power transformers is
described, employing ensemble approaches based on
decision trees and integrated DWT. This methodology
differentiates between a magnetizing inrush condition
and an internal defect. A time-frequency analysis-
based approach is introduced, employing
PSCAD/EMTDC for modeling power transformer
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operation and internal faults [80]. The method utilizes
a hyperbolic S-transformer to process simulation data
and extract a determination index. A technique was
proposed for distinguishing internal  power
transformer faults from inrush currents using adaptive
sampling and the Hilbert transform [81]. This method
demonstrates effectiveness in differentiating internal
faults and inrush currents even under noisy signals and
with saturated CTs. Testing on a 230/63 kV
transformer validates the efficacy of the proposed
algorithm. An algorithm presented in [82] utilizes the
statistical parameters of detailed dl1-level wavelet
coefficients as input signals for an ANN. An algorithm
employing a sine-wave curve fitting technique is
introduced for online discrimination between inrush
current and inter-turn faults [83]. Using the least
squares approach, this method adjusts a sine wave to
the normalized differential current for each phase. A
technique for diagnosing internal defects occurring
during inrush currents in power transformers was
introduced [84]. This method utilizes data windows
and stacked denoising autoencoders, eliminating the
need for a threshold to differentiate between internal
defects and inrush currents. Evaluation of the
proposed approach involves simulating internal
defects and inrush currents in a typical 154 kV
substation in South Korea using PSCAD/EMTDC,
considering various parameters affecting inrush
currents. A protection-based stability approach is
proposed, applying external voltages to the low-
voltage side of transformers while maintaining a short
circuit on the high-voltage side [85]. This was
demonstrated at a Saudi Arabian power plant using a
100 MVA, 380 kV/13.8 kV transformer. A Hardware-
in-the-Loop (HIL) test for a transformer differential
protection system, verifying the accuracy of the relay's
settings configuration was present [86]. The testing
phase includes step-by-step construction to validate
the principle of differential computations. To
safeguard transformers against GIC and geomagnetic
disturbances. Authors in [87] propose an improved
differential protection approach. This study analyzes
the accuracy of current differential protection systems'
harmonic blocking under GIC situations. A novel
technique for a differential protection relay based on
six input currents is introduced, mapping the trajectory
onto the relay setup curve [88]. This approach
retrieves relay input currents during an incident using
COMTRADE files and considers the secondary sides
of current transformers. Authors in [89] introduce an
instantaneous power-based differential protection
(IPDP) for transformers, utilizing instantaneous power

to distinguish between various faults and conditions.
The suggested approach relies on wave shape
parameters of the instantaneous power signal,
employing second-order transient-extracting transform
(STET) for diagnosis. To enhance protection
accuracy, authors in [90] suggest a deep learning
protection system based on a CNN, focusing on
discriminative features. This network aims to extract
distinctive characteristics of the unsaturated part of the
differential current, enabling reliable differentiation
between internal defects and inrush currents. Authors
in [91] propose using the decaying DC component of
negative sequence differential current to identify
transformer inrush current. Three criteria are
considered for setting a threshold to recognize internal
faults, validated through simulation results for various
internal defects and inrush situations. A new algorithm
based on the teager energy operator (TEO) and hidden
Markov model (HMM) is presented for transformer
differential protection [92]. This research utilizes TEO
and HMM to discriminate between internal defects
and inrush currents after observing any rise in
transformer differential currents. Authors in [93]
employ two techniques, the WPT and S-transform, to
identify currents in the power transformer. Initially,
the minimal description length (MDL) requirements
within the WPT method guide the selection of the
optimal mother wavelet and resolution level for
feature extraction from the WPT tree. Subsequently,
the discrete S-transform generates an S-matrix,
facilitating the computation of the spectral energy
index and standard deviation within the S-transform
method. Both methodologies undergo testing using a
1KVA, 220/110V, 50Hz, A/ Y three-phase transformer
to generate a trip signal, ultimately disconnecting the
transformer.

Hybrid techniques, while offering high accuracy
compared to other methods, do have drawbacks. They
typically require a larger amount of data and may
involve longer processing times, particularly
depending on the selection criteria for the initial and
subsequent stages of the hybrid approach. Despite
these limitations, their superior accuracy makes them
valuable options for effectively distinguishing
between different conditions in complex systems like
power transformers.

5 Transformer Differential Protection Challenges
Having completely gone through the methods described

in this essay and listed in table 3, two main obstacles to
the effective operation of transformer differential
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protection have been identified. The first one is CT
saturation; it occurs when the fault current exceeds the
dynamic range of CTs. This situation can lead to wrong
current measurements and prevent proper protection
scheme operation. Handling CT saturation effectively
requires a careful selection of CTs with suitable
dynamics ranges and saturation characteristics. CT
saturation may result in overestimating fault current,
which can inadvertently trip transformer protection
systems. Similarly, distorted signals due to CT
saturation may result in delayed activation of the
protective relay in current-biased overcurrent relays by
underestimating RMS value for the current signal.
Different approaches have been investigated to enable
detection and compensation of the problem involving
CT saturation, which goes beyond differential
protection’s behavior towards faults and non-faults
because distinguishing between these two becomes
more difficult at times, such as: beyond factors
influencing the behavior or differential protection
during fault condition(s). A Kalman filtering, often
called KF algorithm, which is an estimate-based
method, is proposed [94] for fast, accurate and effective
detection of CT saturation. For non-saturating regions,
the technique uses the current sample point and
extended KF (EKF) to develop a way to characterize the
current wave form. Then, this derived model is used to
reconstruct an original current waveform within the
saturation region. It applies a criterion based on
estimation error of EKF algorithm to detect start and
end points of CT saturation interval. Instantaneous
magnetic flux is used to identify current transformers to
evaluate saturation [95]. Field current estimation is then
employed to correct CT saturation. This method
employs Jiles-Atherton approach for the assessment of
instantaneously magnetic flux density and inrush
currents, with saturation evaluation criterion being that
at turning point magnetic flux density at the turning
point becomes saturated. This experiment involves the
use of the support vector regression (SVR) method to
compensate for CT saturation induced secondary
harmonic current distortion [96]. Despite other
alternatives such as MLP, ANFIS, it is not a giveaway
that the SVR method aims at minimizing model error
only but operational risk error taken as an objective
function. This approach uses kernel tricks to optimize
all operations, resulting in an intelligent radial basis
function (RBF) neural network. Furthermore, a
hardware implementation of CT saturation is discussed
[97], demonstrating real-time execution on a loop
environment using analog-to-digital convertor.

Precisely determining the parameters of the
transformers is a considerable challenge in making
protection schemes work, including parameters listed
as follows.

A) Impedance: Transformers impedance
determines the voltage drop across the transformer
under load conditions influencing current flow and
voltage regulation. Accurate values for this parameter
are mandatory to determine fault currents and evaluate
protective relay performance. In [98], three voltages
and three currents measured at each side of the
transformer create the basis of the algorithm. An
impedance scheme is fed data via an edge detection
technique that uses the fast Fourier transform (FFT) to
identify and isolate faults within the transformer
protection zone accurately.

B) Saturation characteristics: Transformers, when
subjected to high magnetic flux densities, can become
saturated, making the voltage-current relationship
nonlinear. The knowledge of saturation characteristics
helps predict how transformers will respond to different
loads and faults. The initial idea of the method [99] is
to identify the saturation characteristics by using
collected inrush voltage and current waveforms.
Studying the effects of transformer Energizing and
related inrush currents requires accurately describing a
transformer's “deep” saturation area. The close match
between recorded inrush waveforms and simulation
results has confirmed the proposed method's accuracy
and performance.

C) Configuration of windings: The magnitude, or
phase, relationship between the input and output
voltages, as well as winding connections like delta or
wye (star), all affect the capability of voltage
transformation. In order to correctly analyze
transformer behavior in protection schemes, it is
crucial to accurately identify winding configurations.
This study [100] investigates the mechanical faults in
power transformer windings, such as axial
displacement and radial deformation. Modeling these
mechanical defects with the use of the comprehensive
model in the EMTP software will allow researchers to
examine how these imperfections affect the
transformer's differential protection performance.
Investigations are conducted into internal electrical
issues such as turn-to-turn short circuits, terminal
faults, and the inrush current phenomenon.

In order to identify their features as precisely as
possible, engineers and utilities have developed a
number of techniques, including complex computational
models and real-world testing conducted in lab settings.
A few potential fixes and useful ideas are listed below:
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1) Testing in a lab: In these tests, transformers
with known values of impedance or saturation are
subjected to controlled studies. However, this method
is rarely appropriate for transformers that are already
in operation, and it can also be highly costly and time-
consuming. It is critical to precisely align the test
circumstances with the current working environment
to guarantee reliable results. This work [101] proposes
a simple and reliable method for estimating the
characteristics that describe an electrical machine
using load data obtained through experimentation
under operating conditions. The equivalent circuit
parameters of the single-phase transformer have been
determined based on load data collected from the
experiments. Particle swarm optimization and an H-G
diagram-based resistance estimation technique were
used for analyzing the data.

2) Field measurements: Direct measurements of
transformer winding configuration and impedance on
installed transformers provide real-world data but require
specific tools and knowledge. Logistical limitations or
safety issues, which frequently require precise
preparation, coordination, and adherence to safety
regulations, can restrict the ability to access transformers
in the field. This research [102] provides an effective
method for determining electrical transformers' unknown
parameters. The artificial hummingbird optimizer
(AHO) is the basis of the proposed approach, which is
designed to produce the optimal values for the unknown
transformer parameters.

3) Diagnosis monitoring: Transformers
equipped with monitoring systems are able to track
their own operation and identify irregularities. This is
accomplished through the use of sensors and data
collection tools that keep an eye on things like
temperature, quality of oil, and winding vibrations.
The data is then analyzed using advanced analytics
and machine learning techniques to look for
abnormalities. In work [103], a fiber optic sensor
(FOS) is proposed to measure the vibration and
temperature of power transformer windings. The FOS
is composed of a Fabry-Perot cavity with two identical
fiber Bragg gratings (FBGS).

4) Modeling and simulations: Transformer
behavior can be simulated under different conditions
using any computational simulation and modeling
software. These models incorporate comprehensive
descriptions of the geometry, materials, and
operational features of the transformers that are
employed. Validating model accuracy will require
them to be calibrated against either laboratory tests or
field measurements, though they must be validated

through calibration against field measurements or lab
testing practices themselves. In [104], we collect and
provide an overview of the proposed, implemented,
and verified power transformer models in a set of
digital real-time simulation projects.

5) Evidence from the manufacturer and
specifications; in the determination of transformer
parameters and data given by the manufacturers serve
as a point of reference. Sometimes there may be
details about resistance, winding pattern, or core
saturation levels. This study's analysis of the
transformer line of production is its main goal [105].
The first, second, and third manufacturing areas were
all thoroughly studied in this study, respectively. The
results showed that the manufacturing industry must
improve how its employees are assigned. By
implementing  multi-scenario  assessment  and
adjustment, the simulation approach ensures optimal
resource usage in the upgraded manufacturing line.
Nevertheless, verifying these figures via field
measurement or other validation methods is crucial
because their practical performance can vary. These
methods are utilized either alone or in combination to
accurately fix transformer parameters that ensure the
efficiency of protection schemes and the reliability of
power systems. For each method, some pros and cons
have to be taken into account in accordance with the
concrete situation and objectives at hand.

6 Conclusions

The modern functionality of power systems relies
heavily on the integrity of power transformers,
underscoring the importance of their maintenance to
uphold system stability, reliability, and overall
operational security. In this study, we meticulously
examine and analyze various techniques employed in
differential protection to effectively discern between
fault currents and inrush currents. Our investigation
delves into the diverse types, underlying principles,
distinctive features, and the respective advantages and
drawbacks of these techniques. Key factors such as
accuracy, complexity, and detection speed significantly
influence the choice of differential protection
techniques. As outlined in table 3, each method presents
its own set of strengths and limitations, underscoring
the importance of a thorough understanding and careful
consideration in their selection. Exploring new
techniques to overcome current drawbacks and bolster
the reliability of transformer differential protection is
crucial for future research.
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Table 3: Comparison of various transformer differential protection techniques.

Technique Principles Alzeat% Advantage Disadvantage
Harmonic- Calculating the M M M - Simple Principles - Significant risk of malfunction
current second harmonic - No need for transformer - Dependent on threshold value
restraint parameters - For long transmission lines, the
- Fast in implementation inductance and capacitor have a negative
impact on the action of differential
protection
-This technique has become limited due
to improvements in magnetic materials
(amorphous transformer cores with low
power dissipation
Gap detection  Detecting the zero- M M F - Simple principle - Affected by CT saturation
crossing interval - No need for transformer -Not active for external faults
parameters -With high ground resistance
- Fast detecting
Flux-based Calculating thedi/di M M F - Low computational burden - Need for transformer parameters and
- Fast detecting leakage measurement
- High dependence on the defined
threshold
-Implementation required large data
- Require complexes techniques in order
to perform the necessary calculations
Transformer Calculating the M L F - Simple in principle - Need for transformer parameters and
inductance magnetizing - Fast detecting extra measurements
inductance -Required current and voltage
transformers for measurement.
- A large computational burden
Fuzzy logic Based on fuzzy rules H M M  -Robustto CT saturation - Spending more time to issue a decision
- Relatively high accuracy - It is limited by distorted or loud inputs
and by any modifications made to the
power system configuration.
WT Based on CWT or H H F - Fast detecting - High computational burden
DWT - Relatively high accuracy - High sensitivity to noise
- Affected by CT saturation
- A lengthy data window is necessary
ANN Based on ANN H H F - Fast detecting - Dependence on transformer parameters
- High accuracy - Huge memory storage requirements
- High computational expenses during
training
- Complicated experimental
configuration
Hybrid Based on two H H F - Relatively Fast detecting - High computational burden
algorithms - High accuracy - High complexity-More reliability

- more reliability and activity

A: Accuracy, C: Complexity, S: Speed, L: Low, M: Medium, H: High

Author Contributions

W.A.A.: conceptualization, investigation, reviewing
and editing; S.K.: investigation, methodology, writing
an original draft; M.M.: conceptualization, data
curation, writing—reviewing and editing, funding
acquisition, project administration. All authors have
read and agreed to the published version of the
manuscript.

Conflicts of Interest
The authors declare no conflict of interest.
References

[1] R. Bouderbala and H. Bentarzi, “A new
computer based differential relay framework for
power transformer,” Lecture Notes in Electrical
Engineering, vol. 260, pp. 473-481, 2014, doi:
10.1007/978-94-007-7262-5_54.

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush

Current: A Comprehensive Review of Detection Techniques.”



16

Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

Z. Gaji¢, “Differential protection for arbitrary
three-Phase  power transformers,” Ph.D.
dissertation, Department of Industrial Electrical
Engineering and Automation, Lund University,
Lund, Sweden, 2008.

M. Bouchahdane, N. Soltani, and F. Lamraoui,
“Maintenance testing of numerical differential
protection relay,” International Journal of
System Assurance Engineering and
Management, vol. 7, pp. 274-281, Dec. 2016,
doi: 10.1007/s13198-015-0395-x.

O. A. Ezechukwu, “Differential protection-
application of zero sequence current trap,”

International Journal of Computers and
Technology, vol. 10, pp. 1563-1568, 2013, doi:
10.24297/ijct.v10i4.3257.

B. Hamid and M. Samir, “Power transformer
protection improvement,” Ph.D. dissertation,
Department of Electrical and Electrotechnical
Engineering, University Mhamed Bougara-
Boumerdes, Boumerdes, Algeria, 2017.

C. R. Mason, The Art and Science of Protective
Relaying, 2nd ed. New York: Wiley Champman
& Hall, 2012.

S. H. Horowitz and Arun G. Phadke, Power
System Relaying, 4th ed. Chennai, India: John
Wiley & Sons, 2014.

Y. G. Painthankar and S. R. Bhide,
Fundermentals of Power System Protection, 2nd
ed. Delhi: Prentice-Hall of India Private Limited,
2013.

N. H. Hashim, N. H. Halim, S. N. M. Arshad, M.
H. Hussain, S. R. A. Rahim, and A. A. Suleiman,
“Performance of restricted fault and bias
differential protection against earth fault on a
transformer,” Journal of Physics, vol. 2312,
2022, doi: 10.1088/1742-6596/2312/1/012005.
J. L. Blackburn and T. J. Domin, Protective
Relaying Principles and Applicaitons, 4th ed.
Boca Raton, Florida: CRC Press, 2014.

C. L. Bak, K. E. Einarsdottir, E. Andresson, J. M.
Rasmussen, J. Lykkegaard, and W. Wiechowski,
“Overvoltage protection of large power
transformers - A real-life study case,” IEEE
Transactions on Power Delivery, vol. 23, pp.
657-666, 2008, doi: 10.1109/TPWRD.2007.905793.
G. C. Paap, A. A. Alkema, and L. van der Sluis,
“Overvoltages in power transformers caused by
no-load switching,” IEEE Transactions on
Power Delivery, vol. 10, pp. 301-307, 1995, doi:
10.1109/61.368385.

M. A. Barakat, A. Y. Hatata, and E. A. Badran,

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

“Protection of transformer due to external fault
between two voltage levels using overvoltage
protection and sequence component of currents,”
Electric Power Systems Research, vol. 184,
2020, Art. no. 106339, doi: 10.1016/j.epsr.2020.
106339.

L. Y. T. Suarez, “Power System protection,”
M.S. thesis, Department of Electrical and
Computer Engineering, University of Waterloo,
Toronto, Ontario, Canada, 2015.

W. A. Atiyah, “Analysis of case study run by
differential relay of power transformer computer
simulation,” M.S. thesis, Department of Electrical
Engineering, University of Technology, Baghdad,
Iraq, 2017.

X. Lin, J. Ma, Q. Tian, and H. Weng,
Electromagnetic Transient Analysis and Novell
Protective Relaying Techniques for Power
Transformers. Chennai, India: Wiley-1EEE Press,
2015.

H. Altun, S. Siinter, and O. Aydogmus,
“Modeling and analysis of a single-phase core-
type transformer under inrush current and
nonlinear  load  conditions,” Electrical
Engineering, vol. 103, pp. 2961-2972, 2021, doi:
10.1007/s00202-021-01283-9.

H. Weng and X. Lin, “Studies on the unusual
maloperation  of  transformer  differential
protection during the nonlinear load switch-in,”
IEEE Transactions on Power Delivery, vol. 24,
pp. 1824-1831, 2009, doi: 10.1109/TPWRD.
2008.2005655.

B. Ahmadzadeh-Shooshtari and A. Rezaei-Zare,
“Analysis of transformer differential protection
performance under geomagnetically induced
current conditions,” Electric Power Systems
Research, vol. 194, 2021, Art. no. 107094, doi:
10.1016/j.epsr.2021.107094.

E. A. Abdelsalam, “Ratios-based universal
differential protection scheme for power
transformers,” Ph.D. dissertation, Department of
Electrical Engineering, University of Calgary,
Calgary, Alberta, 2020.

S. Hodder, B. Kasztenny, N. Fischer, and Y. Xia,
“Low second-harmonic content in transformer
inrush currents - analysis and practical solutions
for protection security,” in 2014 67th Annual
Conference for Protective Relay Engineers
(CPRE), 2014, pp. 705-722, doi: 10.1109/
CPRE. 2014.6799037.

R. Bouderbala and H. Bentarzi, “Differential
relay reliability enhancement using fourth

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

17

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

harmonic for a large power transformer,”
International Journal of System Assurance
Engineering and Management, vol. 8, pp. 592—
598, 2016, doi: 10.1007/s13198-016-0475-6.

H. Mohammadpour, R. Dashti, and H. R. Shaker,
“A new practical approach for discrimination
between inrush currents and internal faults in
power transformers,” Technology and Economics
of Smart Grids and Sustainable Energy, vol. 5,
2020, doi: 10.1007/s40866-020-0079-8.

S. A. Saleh and M. A. Rahman, “Modeling and
protection of a three-phase power transformer
using wavelet packet transform,” |EEE
Transactions on Power Delivery, vol. 20, pp.
1273-1282, 2005, doi: 10.1109/TPWRD.2004.
834891.

X. Wang, B. Tian, L. Wu, L. Wang, and H. Tan,
“Adaptive  transformer inrush  current
identification principle based on second
harmonic,” Advances in Engineering Research,
vol. 86, pp. 117-119, 2017, doi: 10.2991/EAME-
17.2017.28.

S. Krishnamurthy and B. Elenga Baningobera,
“IEC61850 standard-based harmonic blocking
scheme for power transformers,” Protection and
Control of Modern Power Systems, vol. 4, 2019,
doi: 10.1186/s41601-019-0123-7.

P. E. Sutherland, “Testing of harmonic restraint
relays with single frequency sources,” in
Conference Record - IAS Annual Meeting (IEEE
Industry Applications Society), 1996, vol. 4, pp.
2291-2297, doi: 10.1109/1AS.1996.563893.
IEEE guide for protecting power transformers,
IEEE Standard C37.91-2008, 2021

A. Sahebi, H. Askarian-Abyaneh, S. H. H.
Sadeghi, H. Samet, and O. P. Malik, “Efficient
practical method for differential protection of
power transformer in the presence of the fault
current limiters,” IET Generation, Transmission
and Distribution, vol. 17, pp. 3861-3871, 2023,
doi: 10.1049/gtd2.12937.

H. Dashti, M. Davarpanah, M. Sanaye-Pasand,
and H. Lesani, “Discriminating transformer large
inrush  currents from  fault currents,”
International Journal of Electrical Power and
Energy Systems, vol. 75, pp. 74-82, 2016, doi:
10.1016/j.ijepes.2015.08.025.

A. Sahebi and H. Samet, “Efficient method for
discrimination between inrush current and
internal faults in power transformers based on the
non-saturation zone,” IET Generation, Transmission
and Distribution, vol. 11, pp. 1486-1493, 2017,

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

doi: 10.1049/iet-gtd.2016.1086.

Q. Li, K. Domen, S. Naito, T. Onishi, and K.
Tamaru, “New computer-based flux restrained
current-differential relay for power transformer
protection,” IEEE Transactions on Power
Delivery, vol. 12, pp. 321-324, 1983, doi:
10.1109/MPER.1983.5520205.

X. Gong, Y. Zheng, S. Pan, C. Wu, and J. Deng,
“Identification methods for transformer turn-to-
turn faults and inrush current based on electrical
information,” Journal of Physics, vol. 2215,
2022, doi: 10.1088/1742-6596/2215/1/012018.
S. A. Saleh and M. A. Rahman, “Off-line testing
of a wavelet packet-based algorithm for
discriminating inrush current in three-phase
power transformers,” IEEE Access, pp. 38-42,
2003, doi: 10.1109/LESCPE.2003.1204676.

G. Baoming, A. T. de Almeida, Z. Qionglin, and
W. Xiangheng, “An equivalent instantaneous
inductance-based technique for discrimination
between inrush current and internal faults in
power transformers,” IEEE Transactions on
Power Delivery, vol. 20, pp. 2473-2482, 2005,
doi: 10.1109/TPWRD.2005.855443.

M. Abasi, A. T. Farsani, A. Rohani, and A.
Beigzadeh, “A novel fuzzy theory-based
differential protection scheme for transmission
lines,” International Journal of Integrated
Engineering, vol. 12, pp. 149-160, 2020, doi:
10.30880/ijie.2020.12.08.015.

K. C. Chuang, T. S. Lan, L. P. Zhang, Y. M.
Chen, and X. J. Dai, “Parameter optimization for
computer numerical controlled machining using
fuzzy and game theory,” Symmetry, vol. 11, pp.
1-20, 2019, doi: 10.3390/sym11121450.

A. Wiszniewski and B. Kasztenny, “A multi-
criteria differential transformer relay based on
fuzzy logic,” IEEE Transactions on Power
Delivery, vol. 10, pp. 1786-1792, 1995, doi:
10.1109/61.473379.

D. Bejmert, W. Rebizant, L. Schiel, and
Staszewski, “A new multi-criteria fuzzy logic
transformer inrush restraint algorithm,” in IET
Conference Publications, , 2012, vol. 2012, pp.
6-11, doi: 10.1049/cp.2012.0044.

I. S. Rad, M. Alinezhad, S. E. Naghibi, and M.
A. Kamarposhti, “Detection of internal fault in
differential transformer protection based on
fuzzy method,” International Journal of
Physical Sciences, vol. 6, pp. 6150-6158, 2011,
doi: 10.5897/1JPS11.478.

M. M. Marei, M. H. Nawir, and A. A. R. Altahir,

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



18

Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

“An improved technique for power transformer
protection using fuzzy logic protective relaying,”
Indonesian Journal of Electrical Engineering
and Computer Science, vol. 22, pp. 1754-1760,
2021, doi: 10.11591/ijeecs.v22.i3.pp1754-1760.
X. Yang, X. Chen, K. Sun, C. Xiong, D. Song,
Y. Lu, L. Huang, S. He, and X. Zhan, “A wavelet
transform-based real-time filtering algorithm for
fusion magnet power signals and its
implementation,” Energies, vol. 16, pp. 1-15,
2023, doi: 10.3390/en16104091.

M. Y. Suliman and M. T. Al-Khayyat,
“Discrimination between inrush and internal
fault currents in protection based power
transformer using dwt,” International Journal on
Electrical Engineering and Informatics, vol. 13,
pp. 1-21, 2021, doi: 10.15676/ijeei.2021.13.1.1.
S. K and J. S, “An efficient AP-ANN-based
multimethod fusion model to detect stress
through EEG signal analysis,” Computational
Intelligence and Neuroscience, vol. 2022, pp. 1-
18, 2022, doi: 10.1155/2022/7672297.

M. Banerjee and A. Khosla, “Differential
protection of power transformer using wavelet
transform,” International Journal of Recent
Technology and Engineering, vol. 8, pp. 7627—
7630, 2019, doi: 10.35940/ijrte.C6181.098319.
M. N. O. Aires, R. P. Medeiros, F. B. Costa, K.
M. Silva, J. J. Chavez, and M. Popov, “A
wavelet-based restricted earth-fault power
transformer differential protection,” Electric
Power Systems Research, vol. 196, 2021 Art. no.
107246, doi: 10.1016/j.epsr.2021.107246.

Z. Babaei and M. Moradi, “Novel method for
discrimination of transformers faults from
magnetizing inrush currents using wavelet
transform,” Iranian Journal of Science and
Technology - Transactions of Electrical
Engineering, vol. 45, pp. 803-813, 2021, doi:
10.1007/s40998-020-00399-1.

Z. Babaei and M. Moradi, “A fast wavelet packet
transform based algorithm for discrimination of
transformers magnetizing inrush currents from
internal faults,” Science Arena Publications
Specialty Journal of Electronic and Computer
Sciences, vol. 5, pp. 10-23, 2019.

L. Yang and J. Ning, “A wavelet transform based
discrimination between internal faults and inrush
currents in power transformers,” in International
Conference on Electric Information and Control
Engineering, ICEICE 2011 - Proceedings, pp.
1127-1129, 2011, doi: 10.1109/ICEICE.2011.

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

5777769.

S. K. Bhasker, M. Tripathy, and V. Kumar,
“Wavelet transform based discrimination
between inrush and internal fault of indirect
symmetrical phase shift transformer,” IEEE
Power and Energy Society General Meeting, pp.
1-5, 2014. doi: 10.1109/PESGM.2014.6939437.
R. P. Medeiros, F. B. Costa, and K. M. Silva,
“Power transformer differential protection using
the boundary discrete wavelet transform,” IEEE
Transactions on Power Delivery, vol. 31, pp.
2083-2095, 2016, doi: 10.1109/TPWRD.2015.
2513778.

A. K. Agawani and A. G. Thosar, “Application
of wavelet transform in discrimination of internal
fault and magnetizing inrush current of power
transformer,” International Journal of Electrical
and Electronics Engineering Research (IJEEER),
vol. 7, pp. 49-60, 2017, doi: JEEERAUG20176.
H. Zhang, J. F. Wen, P. Liu, and O. P. Malik,
“Discrimination between fault and magnetizing
inrush current in transformers using short-time
correlation transform,” International Journal of
Electrical Power and Energy Systems, vol. 24,
pp. 557-562, 2002, doi: 10.1016/S0142-0615
(01)00065-5.

J. da S. Bohrer, B. I. Grisci, and M. Dorn,
“Neuroevolution of neural network architectures
using codeepneat and keras,” ArXiv, 2020, doi:
10.48550/arXiv.2002.04634.

M. A. Ellafi, L. K. Deeks, and R. W. Simmons,
“Application of artificial neural networks to the
design of subsurface drainage systems in libyan
agricultural projects,” Journal of Hydrology:
Regional Studies, vol. 35, 2021, Art. no. 100832,
doi: 10.1016/j.ejrh.2021.100832.

S. B. Ayyagari, “Artificial neural network based
fault location for transmission lines,” M.S.
thesis, Department of Electrical and Computer
Engineering, University of Kentucky, Kentucky,
USA, 2011.

M. Tripathy, R. P. Maheshwari, and H. K.
Verma, “Power transformer differential
protection based on optimal probabilistic neural
network,” IEEE Transactions on Power Delivery,
vol. 25, pp. 102-112, 2010, doi: 10.1109/
TPWRD.2009.2028800.

H. Balaga, N. Gupta, and D. N. Vishwakarma,
“GA trained parallel hidden layered ANN based
differential protection of three phase power
transformer,” International Journal of Electrical
Power and Energy Systems, vol. 67, pp. 286-297,

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

19

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

2015, doi: 10.1016/j.ijepes.2014.11.028.

M. Goda, “Discrimination between inrush and
fault currents of transformers using artificial
neural network tools,” The Egyptian
International Journal of Engineering Sciences
and Technology, vol. 37, pp. 34-38, 2022, doi:
10.21608/eijest.2021.75646.1065.

W. A. Atiyah, S. Karimi, and M. Moradi, “A
novel approach for diagnosing transformer
internal defects and inrush current based on
IDCNN and LSTM deep learning,” Journal of
Electrical Systems, vol. 20, pp. 2557-2572,
2024, doi: 10.52783/jes.3163.

A. N. Hamoodi, M. A. Ibrahim, and B. M. Salih,
“An intelligent differential protection of power
transformer based on artificial neural network,”
Bulletin of Electrical Engineering and
Informatics, vol. 11, pp. 93-102, 2022, doi:
10.11591/eei.v11i1.3547.

S. Afrasiabi, M. Afrasiabi, B. Parang, and M.
Mohammadi, “Integration of accelerated deep
neural network into power transformer
differential protection,” IEEE Transactions on
Industrial Informatics, vol. 16, pp. 865-876,
2020, doi: 10.1109/T11.2019.2929744.

M. S. Islam and M. M. Kabir, “ANN based
discrimination of inrush and fault currents in
three phase power transformer using statistical
approaches,” in 2019 4th International
Conference on Electrical Information and
Communication Technology, EICT 2019, 2019,
pp. 20-22, doi: 10.1109/E1CT48899.2019.9068766.
S. Afrasiabi, M. Afrasiabi, B. Parang, and M.
Mohammadi, “Designing a composite deep
learning based differential protection scheme of
power transformers,” Applied Soft Computing
Journal, vol. 87, 2020, Art. no. 105975, doi:
10.1016/j.as0c.2019.105975.

S. Afrasiabi, M. Afrasiabi, B. Parang, M.
Mohammadi, H. Samet, and T. Dragicevic, “Fast
GRNN-based method for distinguishing inrush
currents in  power transformers,” IEEE
Transactions on Industrial Electronics, vol. 69,
pp. 8501-8512, 2022, doi: 10.1109/TIE.2021.
3109535.

A. Behvandi, S. G. Seifossadat, and A. Saffarian,
“A new method for discrimination of internal
fault from other transient states in power
transformer using clarke’s transform and
modified hyperbolic s-transform,” Electric
Power Systems Research, vol. 178, 2020, doi:
10.1016/j.epsr.2019.106023.

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

A. Sahebi, H. Samet, and T. Ghanbari,
“Identifying internal fault from magnetizing
conditions in power transformer using the
cascaded implementation of wavelet transform
and empirical mode decomposition,” International
Transactions on Electrical Energy Systems, vol. 28,
pp. 1-20, 2018, doi: 10.1002/etep.2485.

S. Hasheminejad, “A new approach for the
transformer differential protection based on s-
transform and fuzzy expert system,” Journal of
Applied Research in Electrical Engineering, vol. 1,
pp. 159-168, 2021, doi: 10.22055/jaree.2021.
38432.1035.

R. P. Medeiros, F. B. Costa, K. Melo Silva, J. D.
J. C. Muro, J. R. L. Junior, and M. Popov, “A
clarke-wavelet-based time-domain power transformer
differential protection,” IEEE Transactions on
Power Delivery, vol. 37, pp. 317-328, 2022, doi:
10.1109/TPWRD.2021.3059732.

D. P. M. Raichura and N. Chothani, “Efficient
CNN-XGBoost technique for classification of
power transformer,” IET Generation,
Transmission & Distribution, vol. 15, pp. 972—
985, 2020, doi: 10.1049/gtd2.12073.

P. Chiradeja, C. Pothisarn, N. Phannil, S.
Ananwattananporn, M. Leelajindakrairerk, A.
Ngaopitakkul, S. Thongsuk, V. Pornpojratanakul,
S. Bunjongjit, and S. Yoomak, “Application of
probabilistic neural networks using high-
frequency components’ differential current for
transformer protection schemes to discriminate
between external faults and internal winding
faults in power transformers,” Applied Sciences
(Switzerland), vol. 11, 2021, doi: 10.3390/
appl112210619.

S. S. Kumar and S. Kawaskar, “Identification of
internal fault from power transformer using
wavelet transform and ANFIS,” International
Journal of Engineering Research and Technology,
vol. 6, 2018, doi: 10.17577/ IJERTCONO059.

M. Tajdinian and H. Samet, “Application of
probabilistic distance measures for inrush and
internal fault currents discrimination in power
transformer differential protection,” Electric
Power Systems Research, vol. 193, pp. 1066—
1071, 2021, doi: 10.1016/j.epsr.2020.107012.

H. Samet, M. Shadaei, and M. Tajdinian,
“Statistical discrimination index founded on rate
of change of phase angle for immunization of
transformer differential protection against inrush
current,” International Journal of Electrical
Power and Energy Systems, vol. 134, 2022, Art.

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



20

Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

[83]

no. 107381, doi: 10.1016/j.ijepes.2021.107381.
D. Bejmert, M. Kereit, F. Mieske, W. Rebizant,
K. Solak, and A. Wiszniewski, ‘“Power
transformer differential protection with integral
approach,” International Journal of Electrical
Power and Energy Systems, vol. 118, 2020, Art.
no. 105859, doi: 10.1016/j.ijepes.2020.105859.
R. Pimpalkar and N. Khan, “DWT-ANN based
analysis of inrush and fault currents in power
transformers,” International Research Journal of
Engineering and Technology, vol. 03, pp. 2987—
2993, 2016, doi: 10.1016/irjet.2016.11.013.

S. R. Paraskar, M. A. Beg, and G. M. Dhole,
“Discrimination between inrush and fault
condition in transformer: A probabilistic neural
network approach,” International Journal of
Computational Systems Engineering, vol. 1, p.
50, 2012, doi: 10.1504/1IJCSYSE.2012.044743.
S. R. Paraskar, “Study on discrimination
between inrush and fault in transformer: ANN
approach,” Perspectives of Engineering Research,
vol. 8, pp. 11-23, 2022, doi: 10.9734/Per.2022/
v8/4326.

N. Shrivastava, “Power transformer differential
protection based on DWT and EDT,”
International  Journal of Research in
Engineering Science and Managment, vol. 5, pp.
154-158, 2022, doi: 10.9346/ijresm.2022/v5/2581.
L. A. Yaseen, A. Ebadi, and A. A. Abdoos,
“Discrimination between inrush and internal
fault currents in power transformers using
hyperbolic s-transform,” International Journal
of Engineering Transactions C: Aspects, vol. 36,
pp. 2184-2189, 2023, doi: 10.5829/ije.2023.36.
12¢.07.

A. A. Nazari, P. D. Student, F. Razavi, and A. F.
Associate, “A novel method to differentiate
internal faults and inrush current in power
transformers using adaptive sampling and hilbert
transform,” Iranian Electric Industry Journal,
vol. 11, no. 1, pp. 97-110, 2022.

S. R. Paraskar, “Study on discrimination
between inrush and fault in transformer: ANN
approach,” Perspectives of Engineering Research,
vol. 8, pp. 11-23, 2022, doi: 10.9734/bpi/rtcams/
v8/2606C.

M. Ahmadi, H. Samet, and T. Ghanbari,
“Discrimination  of internal fault from
magnetising inrush current in power transformers
based on sine-wave least-squares curve fitting
method,” IET Science, Measurement and Technology,
vol. 9, pp. 73-84, 2015, doi: 10.1049/iet-smt.

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

2014.0012.

S. Key, G. W. Son, and S. R. Nam, “Deep
learning-based algorithm for internal fault
detection of power transformers during inrush
current at distribution substations,” Energies,
vol. 17, 2024, doi: 10.3390/en17040963.

M. Sheryar, M. A. Ali, F. Umer, Z. Rashid, M.
Amjad, Z. M. Haider, and M. O. Khan, “An
approach to performing stability analysis for
power transformer differential protection: A case
study,” Energies, vol. 15, 2022, doi: 10.3390/
en15249603.

S. Nomandela, M. Mnguni, M. Ratshitanga, and
S. Ntshiba, “Transformer differential protection
system testing for scholarly benefits using RTDS
hardware-in-the-loop technique,” in 37st Southern
African Universities Power Engineering Conference
(SAUPEC), 2023, doi: 10.1109/SAUPEC57889.
2023.10057606.

B. Ahmadzadeh-Shooshtari and A. Rezaei-Zare,
“Advanced transformer differential protection
under GIC conditions,” IEEE Transactions on
Power Delivery, vol. 37, pp. 1433-1444, 2022,
doi: 10.1109/TPWRD.2021.3087463,.

S. A. Hosseini, A. A. Nazari, B. Taheri, F.
Razavi, and H. Hashemi-Dezaki, “Proposing a
new approach to generate the differential
trajectory of the differential relays using
comtrade files,” Sustainability (Switzerland),
vol. 14, pp. 1-25, 2022, doi: 10.3390/su142113953.
M. M. Hosseini-Biyouki and H. Askarian-
Abyaneh, “Transformer power differential
protection using real-time HIL test-based
implementation of second-order transient-
extracting transform,” International Journal of
Electrical Power and Energy Systems, vol. 136,
2022, doi: 10.1016/j.ijepes.2021.107632.

A. He, Z. lJao, Z. Li, and Y. Liang,
“Discrimination between internal faults and
inrush currents in power transformers based on
the discriminative-feature-focused CNN,” Electric
Power Systems Research, vol. 223, 2023, doi:
10.1016/j.epsr.2023.109701.

K. B. Syariah and G. Ilmu, “Sequence current-
based inrush detection in high-permeability core
transformers,” IEEE Transactions on Industrial
Electronics, vol. 72, pp. 1-6, 2023, doi:
10.1109/TIM.2023.3318715.

S. Hasheminejad, “A new high-frequency-based
method for the very fast differential protection of
power transformers,” Electric Power Systems
Research, vol. 209, 2022, doi: 10.1016/j.epsr.

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



Applied Science and Engineering Progress, Vol. 18, No. 1, 2025, 7471

21

[93]

[94]

[95]

[96]

[97]

[98]

[99]

2022.108032.

W. N. Taboor, A. A. Obed, and M. A. N. Alwan,
“Application of wavelet packet and s- transforms
for differential protection of power transformer,”
Journal of Engineering, vol. 19, pp. 264-279,
2023, doi: 10.31026/j.eng.2013.02.08.

F. Naseri, Z. Kazemi, E. Farjah, and T. Ghanbari,
“Fast detection and compensation of current
transformer saturation using extended kalman
filter,” IEEE Transactions on Power Delivery,

vol. 34, pp. 1087-1097, 2019, doi:
10.1109/TPWRD.2019.2895802.
A. Fallahi, N. Ramezani, and I. Ahmadi,

“Current transformers saturation detection and
compensation based on instantaneous flux
density calculations,” Automatika, vol. 57, pp.
1070-1078, 2016, doi: 10.7305/automatika.2017.
04.1555.

R. T. Gorji, S. M. Hosseini, A. A. Abdoos, and
A. Ebadi, “A hybrid intelligent method for
compensation of current transformers saturation
based on PSO-SVR,” Periodica Polytechnica
Electrical Engineering and Computer Science,
vol. 65, pp. 53-61, 2021, doi: 10.3311/PPee.
16248.

L. Alderete, M. C. Tavares, and F. Magrin,
“Hardware implementation and real time
performance evaluation of current transformer
saturation  detection and  compensation
algorithms,” Electric Power Systems Research,
vol. 196, 2021, doi: 10.1016/j.epsr.2021.107288.
R. E. Torres, A. H. Osman, and O. P. Malik,
“Impedance algorithm for protection of power
transformers,” in 2008 IEEE Power and Energy
Society General Meeting - Conversion and
Delivery of Electrical Energy in the 21st
Century, pp. 1-8, 2008, doi: 10.1109/PES.
2008.4596397.

S. G. Abdulsalam, W. Xu, W. L. A. Neves, and
X. Liu, “Estimation of transformer saturation

[100]

[101]

[102]

[103]

[104]

[105]

characteristics from inrush current waveforms,”
IEEE Transactions on Power Delivery, vol. 21,
pp. 170-177, 2006, doi: 10.1109/TPWRD.
2005.859295.
S. Bagheri, Z. Moravej, and G. B.
Gharehpetian, “Effect of transformer winding
mechanical defects, internal and external
electrical faults and inrush currents on
performance of differential protection,” IET
Generation, Transmission and Distribution,
vol. 11, pp. 2508-2520, 2017, doi: 10.1049/iet-
gtd.2016.1239.
D. Bhowmick, M. Manna, and S. K.
Chowdhury, “Estimation of equivalent circuit
parameters of transformer and induction motor
from load data,” IEEE Transactions on
Industry Applications, vol. 54, pp. 2784-2791,
2018, doi: 10.1109/T1A.2018.2790378.
G. Aponte, H. Cadavid, J. C. Burgos, and E.
Gomez, “A methodology for obtaining by
measurements the transformer physical-
circuital model parameters,” Przeglad
Elektrotechniczny, vol. 88, pp. 12-15, 2012.
B. kre, S. Fofana, I. Yéo, Z. Brettschneider, S.
Kung, and P. Sékongo, “On the feasibility of
monitoring power transformers winding
optical sensors,” Sensors, vol. 23, 2023, doi:
10.3390/s23042310.
A. Dehkordi, P. Forsyth, P. Kotsampopoulos,
K. Strunz, Z. Li, Y. Zhang, and P. Liu, “A
review of modelling techniques of power
transformers for digital real-time simulation,”
The Journal of Engineering, vol. 2023, pp. 1-16,
2023, doi: 10.1049/tje2.12221.
Y.-T. Jou, M.-C. Lin, R. M. Silitonga, S.-Y.
Lu, and N.-Y. Hsu, “A systematic model to
improve productivity in a transformer
manufacturing company: A simulation case
study,” Applied Sciences, vol. 14, p. 519, 2024,
doi: 10.3390/app14020519.

W. A. Atiyah et al., “Transformer Differential Protection Method for Recognition between Power Transformer Internal Defects and Inrush
Current: A Comprehensive Review of Detection Techniques. ”



