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Abstract:

The rapid advancements in power electronics and control systems have significantly contributed to the
evolution of Flexible AC Transmission Systems, enabling the development of increasingly sophisticated
compensation devices. Among these, the Static Inter-Phase Power Controller has emerged as a novel and
extended configuration of the traditional Inter-Phase Controller, in which phase-shifting transformers are
replaced by Static Synchronous Series Compensators, thereby offering enhanced controllability and
operational flexibility. Despite its technical advantages, integrating Inter-Phase Power Controller into
transmission networks introduces new protection challenges, particularly in accurately detecting fault
locations due to the division of the line into two separate segments. This paper proposes a robust signal -
processing-based method for detecting asymmetrical short-circuit faults and identifying the faulty line
section in Static Inter-Phase Power Controller compensated transmission systems. The approach employs
statistical indicators derived from the cumulative sum method and correlation coefficients among phase
currents. By applying a heuristic comparison framework, the algorithm reliably detects fault occurrence
and classifies the faulty segment with respect to the Inter-Phase Power Controller location. The proposed
method is implemented in a MATLAB/Simulink environment and validated through extensive simulations
covering 5,400 fault scenarios across various fault types, locations, and impedances. The results
demonstrate an impressive accuracy rate of 98.46%, confirming the effectiveness and reliability of the

algorithm under both nominal and stressed operating conditions.
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Introduction

1-1- Research problem description

In recent years, the development of reactive power compensation devices based on voltage source
converters has received considerable attention. Flexible AC Transmission Systems (FACTS) devices are
regarded as prominent candidates for addressing various power system challenges due to their outstanding
features. Issues related to power control and distribution, power quality improvement, operational
enhancement, and system stability can be effectively addressed by optimal placement and utilization of
FACTS devices. In the past few years, the development of these devices has increased their application [1,
2]. They have received much attention in the last few years due to their increased efficiency. One of the
advanced devices from the FACTS family is the Static Inter-Phase Power Controller (SIPC) [3], which is
an extension of the Inter-Phase Controller (IPC). In this new configuration, phase-shifting transformers are
replaced with voltage source converters. The SIPC not only retains all the capabilities of the IPC but also
introduces new features such as power flow control, active and reactive power range adjustment, fault
current limitation, and voltage isolation [4]. Like the IPC, SIPC is installed in series within the transmission
line. Although its presence in the network offers numerous advantages to the utility, it also introduces
several challenges. One major challenge is related to line protection in systems where SIPC is installed.
Typically located at the midpoint of the line, SIPC disrupts conventional distance protection schemes,
making the design of specialized protection strategies a continuing research priority.

1-2- Challenges and necessity of the research

Traditional algorithms, such as the comprehensive distance protection scheme, face problems when a series
compensator is placed in the transmission line, as transmission line parameters, including line impedance,

change virtually. Fault detection, classification, and location become difficult, so there is a need to design
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adaptive algorithms [1, 5]. On the other hand, considering that these devices divide the line into two parts,
another challenge that arises is detecting the fault side relative to the compensator. In other words, when
the SIPC is placed in the middle of a transmission line, the line is divided into two sections on the right and
left from the perspective of a relay at one terminal (terminal 1). Given this division, the fault occurs either
in the section between terminal 1 and SIPC or between terminal 2 and SIPC. A fundamental issue in
protection designs is detecting the faulty side relative to SIPC. Most fault location algorithms depend on
fault side detection relative to the compensator. Thus, the present study designs an algorithm for faulty
section detection when an asymmetrical fault occurs in SIPC-compensated transmission lines. So far,
various studies have been presented on fault occurrence detection and faulty section detection in the
presence of series fault devices. However, each is related to specific studies of that device, and no study
has ever focused on the problem of faulty section detection in SIPC-compensated transmission lines.

1-3- A review of the literature

A review of studies reveals that the protection algorithms in transmission lines have been designed for three
main series compensators. The popular series compensators in transmission lines include series capacitors,
thyristor-controlled series capacitors (TCSC), and static synchronous series compensators (SSSC). Based
on this classification, the studies can be divided into three categories.

In reference [6], a new hybrid method based on wavelet transform and adaptive neuro-fuzzy inference
system is proposed for faulty section identification, classification, and location in a series capacitor-
compensated transmission line. The method extracts the characteristics of fault voltages and currents and
uses them in a machine learning algorithm to specify the faulty section, type of fault, and location of the
fault. In reference [7], a relaying pattern for directional relays in transmission lines equipped with a fixed
series capacitor is presented through the incorporation of an artificial neural network. The base voltage and
current signals are inputs to the neural network to identify the faulty section. VVarious parameters such as
type of fault, fault location, fault incidence angle, and fault resistance are changed to examine the model.
In reference [8], a relaying model based on the discrete wavelet transform is presented to detect and classify

simultaneous single-phase-to-ground and open-circuit faults on a twelve-phase series capacitor-
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compensated transmission line. In this study, the sensitivity analysis of the proposed method to variations
in fault type, fault occurrence time, fault resistance, ground resistance, and fault location is tested and
evaluated. Reference [9] introduces a new method to detect the fault type and faulty phase in a series
capacitor-compensated transmission line. Standard deviation and discrete Stockwell transform are adopted
along with a decision tree for fault classification. This method is used as a signal processing tool to extract
the features of a half-cycle time window from the current and voltage signals sampled on one side of the
network. Eventually, the standard deviation of the coefficients of the method after the fault is incorporated
to form the input feature vector to a decision tree-based classifier. In reference [10], a combined method
based on fuzzy logic and discrete Fourier transform is proposed for fault detection and classification in
series capacitor-compensated transmission lines. In this method, the fundamental components of phase
currents, phase voltages, and the zero-sequence current are applied as inputs to the model. Fault
identification, fault phase selection, and fault classification are performed within half to one cycle of the
fundamental frequency. In reference [11], a new method based on line current-voltage characteristics is
developed to predict and recognize the location of faults and abnormal events in real time in a series
capacitor-compensated transmission line. Once the currents and voltages of both sides of the line are
measured, a single characteristic for the line is obtained. Any change in this characteristic can be identified
and analyzed in real time using software in the control center. In this case, the location, type, and level of
the unusual event or fault occurring can be identified.

In [12], an advanced fault location algorithm is proposed for three-terminal transmission lines connected to
industrial microgrids. By utilizing phasor voltage and current data from PMUs, the algorithm determines
the exact fault location without requiring fault type identification or line parameter estimation. This method
is particularly well-suited for microgrid environments with renewable energy sources and bidirectional
power flows. Similarly, [13] presents a novel analytical algorithm that uses asynchronous three-terminal
voltage and current measurements to locate faults in series-compensated transmission lines, without the
need for capacitor models or protection circuitry. The use of the Newton—Raphson method ensures high

accuracy and robustness in fault location. Furthermore, [14] introduces a fast hybrid technique based on
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Empirical Mode Decomposition (EMD) and Hilbert Transform, which detects faults by analyzing the
energy of the dominant current mode. This approach can accurately detect faults in less than half a cycle
and distinguish between fault and non-fault events. Collectively, these three studies reflect a clear trend
toward fast, structure-independent, and practically robust fault detection and location algorithms suited to
the complexities of modern power networks.

In reference [15], a method for classifying faults and specifying the location of faults in a TCSC-
compensated transmission line is proposed using discrete wavelet transform. This method uses a cycle of
current data with a sampling rate of 10 kHz. Also, the standard deviation of the eighth-level decomposition
coefficient and the first-level decomposition coefficients are applied for fault classification and faulty
section determination, respectively. In reference [16], the standard deviation and contour energy of the S-
transform are used to help select the faulty phase and faulty section, and a method relying on the S-transform
and probabilistic neural network (PNN) is proposed to classify faults in a TCSC-compensated transmission
line. The features extracted by the S-transform are applied as the input of the PNN for fault classification.
In reference [17], an improved method for fault analysis for the protection of TCSC-compensated
transmission lines is presented. This method is a two-step method and uses half-cycle post-fault data for
three current phases. In this reference, wavelet transform is adopted as a spectral analysis tool, and a neural
network is utilized for classification. The method provides a significant improvement in the accuracy and
speed of fault analysis for the protection of transmission lines with series compensation. In reference [18],
an algorithm is presented for detecting, locating, and classifying faults in transmission lines with TCSC
compensation. The algorithm is based on modal analysis, wavelet transform, and a PNN applied to the
reflected and refracted traveling wave patterns. The algorithm uses voltage and current information from
both ends of the transmission line and is capable of accurate fault detection, location, and classification.
The features of the algorithm include higher speed than previous algorithms, an operation time of less than
3 milliseconds, and the need to measure voltage from only one end of the line for fault discrimination and
classification. In reference [19], a new protection method based on fault detection and classification for

TCSC-compensated transmission lines is introduced. The method involves calculating the transient
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component based on three phases and uses fuzzy decision rules to accurately select the fault phase. This
method has been shown by simulations to be effective and reliable for providing unit protection to a TCSC-
compensated transmission system. Reference [20] presents a novel method for fault detection in TCSC-
compensated transmission lines by using a combination of the second frequency of the current. This method
is based on calculating the sum of samples of the second frequency component of the current. The second
frequency of the current is calculated, passed through a filter to remove the main frequency, and then
through a selective filter to amplify the second frequency. Then, derivatives based on the samples are
calculated, and for each sample, the sum of the samples is computed. If the obtained value is greater than a
specified threshold, the fault is detected. In reference [21], a fault detection method for power systems
equipped with TCSCs connected to wind farms is presented. This method uses frequency feature images
extracted from current signals using the SPF technique to train and test an artificial neural network
classifier. This fault detection approach is tested and validated on multiple fault and non-fault data on
standard systems.

Reference [22] presents a single-ended protection scheme that utilizes the Maximal Overlap Discrete
Wavelet Packet Transform (MODWRPT) to extract the energy of the post-fault three-phase current signal.
This energy feature is then fed into a Bagged Tree Ensemble Classifier for fast and accurate fault type
identification. In [23], an advanced hybrid method based on Variational Mode Decomposition (VMD) and
the Teager Energy Operator (TEO) is proposed. By analyzing the energy of the dominant frequency
component (IMF1) in the three-phase current signal, the algorithm accurately determines the fault location
and faulty phase in less than one millisecond, without requiring complex modeling or training data.
Simulation results under various conditions confirm that both methods offer high speed, stability, and
accuracy even in the presence of noise and non-ideal network conditions.

Reference [24] proposes an efficient time-frequency analysis method that combines entropy with wavelets
to identify and classify faults and faulty segments in SSSC-compensated transmission lines. Discrete
wavelet transforms and wavelet entropy calculations are used to analyze current and voltage signals during

fault conditions. In Reference [25], a new approach based on a correction factor is introduced to enhance
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wavelet packet entropy. The wavelet packet entropy characteristics of fault points before and after the SSSC
are extracted. Based on these characteristics, a fault location identification method for SSSC-compensated
lines is introduced, which can effectively eliminate the expansion and contraction of the distance protection
zone caused by the SSSC by coordinating with distance protection. Reference [26] develops a
comprehensive protection scheme for SSSC-compensated transmission lines, utilizing the discrete wavelet
transform and regression trees. The proposed scheme successfully performs fault detection, classification,
and location for the studied transmission lines. In this study, the wavelet transforms reveal hidden
information about fault location, which is then used as input to CART. Reference [27] introduces a fault
location algorithm for SSSC-compensated transmission lines based on traveling wave theory and wavelet
transform. The algorithm applies a modal transform on the signals of currents and voltages sampled at high
frequencies. Reference [28] investigates the effect of series and parallel FACTS devices on distance relay
operation. A new distance pilot scheme is presented to overcome the issues of underreach/overreach of
distance relays in compensated transmission lines. A digital distance relay modeling is also presented to
validate the proposed scheme.

In [29], an innovative protection scheme is proposed for double-circuit transmission lines compensated by
an SSSC, utilizing a novel index called the Rate of Change of Positive Sequence Active Power Difference
(ROCO-PSAPD) for fast and accurate fault detection. The scheme is based on a centralized protection
architecture that relies on synchronized PMU measurements from both ends of the line and integrates three
complementary algorithms to identify fault type, distinguish between internal and external faults, and
mitigate the impact of power oscillations. Without requiring line parameters, injected voltage measurements
from the SSSC, or complex settings, the proposed method demonstrates high speed, accuracy, and
reliability under challenging conditions such as current/voltage inversion, high-impedance faults, power
swings, and load variations. The approach has been validated through more than 1000 diverse simulation
scenarios.

Based on a comprehensive review of the related literature, several research gaps have been identified that

directly motivate the main idea and technical contributions of this paper. These gaps, observed in the
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protection schemes for compensated transmission lines, particularly in the context of SIPC devices, are

summarized as follows:

®
L 4

To date, no dedicated or independent protection method has been proposed for transmission lines

compensated by SIPC.

®
%

Most existing methods for other FACTS devices rely on measuring current and voltage from both
ends of the line, which requires a data communication system.
¢ Lightweight statistical indicators such as CUSUM and correlation coefficients have not been

employed in previous protection algorithms.

0,
°

Many previous methods are based on machine learning techniques, which require large amounts of
data for model training and calibration.

1-4- Contributions and novelties

This paper proposes a novel, lightweight, yet highly robust algorithm for detecting asymmetrical faults
including single-line-to-ground, double-line-to-ground, and line-to-line faults and identifying the faulty
section in transmission lines equipped with a SIPC. Unlike many existing techniques that rely on complex
machine learning structures or dual-ended measurements, the proposed method requires only three-phase
current signals from a single terminal and leverages simple yet effective statistical indicators such as
CUSUM and inter-phase correlation coefficients. The core structure of the algorithm comprises two
independent but complementary stages. In the first stage, fault occurrence is detected in less than a quarter-
cycle by tracking abrupt statistical deviations in the current waveforms using the CUSUM outputs for each
phase (denoted as g: and g2). In the second stage, temporal vectors of the CUSUM outputs are constructed,
and the correlation structure between phases is analyzed. A weighted decision-making index based on these
correlation coefficients is then compared against threshold values to accurately determine the fault location
relative to the SIPC (i.e., before or after the compen and complex training procedures, as well as its real -
time capability and high resilience to signal distortion and noise. The unique configuration of SIPC—
consisting of two SSSC-based voltage injection units—maodifies the dynamic impedance profile of the line

and renders many conventional protection strategies ineffective in localizing faults. This work addresses
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that critical gap by modeling a detailed SIPC-equipped power system in MATLAB/Simulink and validating
the proposed algorithm under realistic and stressed conditions.

To ensure the performance and stability of the proposed method, it was extensively tested across 5,400
different simulation scenarios, including 5,292 fault cases and 108 normal operating conditions. The fault
scenarios encompass all possible asymmetrical fault types (single-line-to-ground, three variants of double-
line-to-ground, and three types of line-to-line faults), injected at every kilometer of the transmission line
and simulated with three different fault resistance values (1, 50, and 100 ohms). The 108 normal scenarios
represent transient network conditions without actual faults, including load variation, voltage angle
changes, and different SIPC operating modes. This extensive coverage enabled precise determination of
optimal threshold values for the algorithm. Specifically, the threshold value for the CUSUM index (g) was
set to zero, and 35% was chosen as the threshold for the correlation coefficient (corr). These values were
derived from a statistical analysis of the complete dataset, identifying the point of maximum distinction
between faulty and non-faulty conditions. Moreover, the sensitivity parameters (v and h) in the CUSUM
detection algorithm were also optimized using the same 5,400-case dataset to achieve the best trade-off
between detection speed and false alarm reduction.

The results indicate that the algorithm performed correctly in 5,317 out of 5,400 scenarios, with only 83
cases resulting in detection errors most of which occurred under boundary or extreme operating conditions.
Based on these outcomes, the overall detection accuracy of the method was calculated to be 98.46%,
representing the average performance across all tested cases—not a limited sample. It is widely
acknowledged that no protection algorithm can achieve 100% accuracy under all real-world conditions, but
the performance observed here demonstrates a high degree of reliability compared to existing standards.
Due to space limitations, it was not feasible to present all 5,400 scenarios in the paper. However, the
simulation and sensitivity analysis sections include a representative selection of diverse scenarios that cover
a wide range of network conditions. These include real fault events as well as critical but non-fault transients
such as severe noise, current transformer saturation, high-impedance faults, large load switching, and motor

startup events. The sensitivity analysis shows that the proposed algorithm not only accurately detects real


https://doi.org/10.22060/eej.2025.24075.5651

AUT Journal of Electrical Engineering
10.22060/eej.2025.24075.5651

faults but also effectively avoids false alarms in non-fault events. This confirms the algorithm’s high degree
of stability and discriminative power, and its practical adaptability to the complex behavior of SIPC-
compensated lines.
The main contribution of this study lies in the development of a training-free, fast-acting, and compact
algorithm that detects faults in less than a quarter-cycle and distinguishes the faulty section with respect to
the SIPC location. By combining CUSUM-based statistical analysis with inter-phase correlation modeling,
the method delivers a practical and effective framework for fault detection and localization in real-world
SIPC-equipped transmission systems.
The contributions of the paper are highlighted and listed below:
1. Proposing a novel algorithm for fault detection and faulty section identification in SIPC-
compensated transmission lines.
2. Developing a method tailored to asymmetrical short-circuit fault types, including single-phase-to-
ground, two-phase-to-ground, and phase-to-phase faults.
3. Utilizing current signal data measured at a single line terminal to enhance the reliability of the
proposed method.
4. Designing a heuristic flowchart and applying cumulative sum and correlation coefficient techniques
for effective algorithm implementation.
1-5- Paper organization
The paper is organized into seven sections. Section 1 introduces the research background and motivation,
and highlights the main challenges associated with fault detection in SIPC-compensated transmission lines.
Section 2 presents the basic operational principles and mathematical modeling of the SIPC. Section 3 details
the proposed protection algorithm, including the CUSUM-based fault detection strategy, the correlation-
based faulty segment identification process, and the complete protection flowchart. Section 4 describes the
test network and simulation setup in MATLAB/Simulink. Section 5 provides a comprehensive analysis of
twelve diverse asymmetrical fault scenarios to evaluate the algorithm’s detection accuracy and localization

capability. Section 6 presents a sensitivity analysis of the algorithm under non-ideal operating conditions,
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such as noise, CT saturation, heavy load switching, and motor startup. Section 7 compares the proposed
method with three recently published techniques and concludes with a performance discussion and

summary of findings.

2. Static Inter-phase Power Controller
The SIPC equipment is an extension of IPC [3]. The PSTs used in IPC are replaced by SSSCs, which
ultimately make SIPC. As shown in Fig. 1(a), each SPC phase contains two SSSC modules. The DC buses
of these modules are connected to a common battery, and they are also linked to the AC grid through two
coupling transformers to inject phase-shifted voltage. The VSCs are assumed to be lossless, and each is
equipped with a pulse width modulation (PWM) controller [3, 30]. A control circuit regulates the amplitude
and phase angle of each injected phasor. The VSCs operate as ideal phase angle regulators, allowing active
power exchange. Therefore, battery storage equipment must be connected to the DC bus. The VSCs
generate sinusoidal voltage at the fundamental frequency. Accordingly, sinusoidal voltage sources denoted
by Vser and Vse2 are used to model these VSCs, as illustrated in Fig. 1(b). Fig. 1(c) presents the phasor
diagram of the phase shift angles, which can be used to generate the equivalent circuit. The SIPC’s power
injection model is introduced in Fig. 2 [3]. The fundamental power equations shown in Fig. 2 indicate that
the apparent output power of the SIPC depends on the parameter «, while the ratio of active to reactive
output power is affected by S. The locus of the apparent output power of the SIPC is represented as a circle
with radius pmax on the Qr—Pr power plane, as shown in Fig. 3. Based on p = —2VsV,.Bq 1| sin( )|, the
radius of this circle depends solely on the parameter a. Therefore, the apparent power of the SIPC is entirely
governed by a. For the operating point SO, which includes components Po and Qo on a circle of radius p,
the line connecting this point to the origin forms an angle with the active power axis, as depicted in Fig. 3.
This angle is specifically determined by the control variable . Hence, the operating point, which includes
the active and reactive powers, can be adjusted by changing § while keeping the apparent power constant

(i.e., « = constant). The apparent power and one of its components (e.g., reactive power) can be set by
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simultaneously adjusting @ and g. Fig. 4 shows the block diagrams of the primary controllers based on the

described theory [3].
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3. Proposed method
3-1-Introducing the general structure of the network under study

Fig. 5 shows the single-line diagram of the network under study. This network consists of a transmission
line compensated by an SIPC. The line is modeled on both sides using Thevenin sources. The goal of the
algorithm is to determine the fault time and identify the faulty section by measuring the three-phase current

at bus S. The algorithm is described in detail below.

Bs Br

SIPC ?E (%

) Ve

Measurement
Unit

Fig. 5. Single-line diagram of the network under study.

3-2- Analysis of the proposed algorithm

3-2-1 Fault detection method

In this section, the cumulative sum algorithm (CSA) is used to detect the occurrence of an asymmetrical
short-circuit fault in the network under study, as shown in Fig. 6. CSA is widely applied across various
fields to identify sudden changes [31, 32]. A key feature of this algorithm is that a deviation from the initial
waveform alone is not sufficient to detect a fault. In CSA, a reference value is defined as the boundary
between the network’s normal operating state and the fault condition. The algorithm detects a fault only
when a deviation from the initial waveform occurs and, during this deviation, the sampled values exceed

the reference parameter boundary. To detect faults, the CSA samples the current signal flowing through the
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system. At each moment, the sampled value is compared with the maximum allowable limit, and an output
index is calculated based on the difference. Since the method is iterative, the index obtained at each stage
is passed to the next. By monitoring this output index, fault events in the system can be identified. To apply
this algorithm in power system fault detection, a bidirectional CSA must be used due to the sinusoidal

nature of the signals [33].

A. Step 1 of the CSA

To this end, the current signal of the system is sampled, and two parameters are defined as given by Egs.

(1) and (2):

Sk (1) = Sk 1)

Sk(2) = =Sk )

B. Step 2 of the CSA

In the second step, the indices of the aggregate sum algorithm are defined using Eqgs. (3) and (4):

9x (1) = max{gg_1(1) + Sk (1) — v,0} ©)

9k (2) = max{gg_1(2) + Sx(2) —v,0} (4)

Selecting the parameter v significantly impacts the performance of the algorithm. To use the CSA as a fault
detector in the power system, v must be set equal to the maximum relay setting current, since the maximum
allowable current flowing through the system is always equal to this value. Therefore, whenever a sample
value of the current exceeds this limit, it can be evidence of a fault occurrence in the system. To run the

algorithm, the initial values of g are chosen according to Eqg. (5).

Ik-1(1) =0,9,k-1(2) = 0,k =k, ()
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Now, the CSA can be described as follows. At moment k, the kth sample is taken. The algorithm calculates
the difference between the kth sample value and the maximum current amplitude of the relay Sk(1)-v, i=1,2

and adds this difference to the last index value obtained from the previous step gk-(i), i=1,2.

C. Step 3 of the CSA

In the third step, the max operator compares the result of the second step with zero. The maximum operator
causes the outputs to be zero or a positive value. Considering the initial value of zero for gx indices, as
long as the system works under normal operating conditions, none of the sample values exceed the value v
and S — v is negative. So, the max operator transfers the zero output to gx indices. Therefore, as long as
the system operates under normal conditions, the values of g indices are zero. Once a fault appears, the
system current rises, so the values of the samples taken exceed the boundary v. The necessity of using the
bidirectional CSA is seen here. If the fault appears in the positive half-cycle of the current wave, g(1) index

starts to grow, and if the fault occurs in the negative half-cycle, g(2) index starts to rise.

D. Step 4 of the CSA

In the fourth step to boost the reliability of the system, it can be said that if condition (6) is satisfied for

three consecutive samples, it is considered a fault:

gxk(1) > hOR gx(2) > h (6)

where h denotes the threshold parameter, which should ideally be chosen equal to zero.

3-2-2 Detection method of the faulty section

In this section, the goal is to present an algorithm that can determine the side on which an asymmetrical
short-circuit fault occurs in a transmission line with respect to the SIPC. To implement this algorithm,
statistical indices of correlation and cumulative sum have been used. In multivariate statistical analyses, the

relationship between two random variables and their dependency on each other are measured using various
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computational techniques. By the correlation coefficient between any given two variables, we mean
predicting the value of one variable in terms of the other variable’s value. Calculating correlation
coefficients is among the methods used to reveal the relationship between two variables. The larger the
value of this index, the greater the relationship or dependence between the two variables. Depending on the
type of data, there are different methods for measuring the correlation coefficient. Often, the correlation
coefficient shows the relationship between the mean values of two variables. Correlation is used to calculate
the similarity between two signals. The correlation relationship is very similar to convolution, with the
difference that the second function does not become symmetric. The signal is multiplied by the other signal
after being shifted. Whereas in convolution, the signal is multiplied by the shifted symmetry of the second

signal. The mathematical definition of correlation is given in Eq. (7).
y(©) = x(0) o h(t) = [ x(O)h(t — D)de Y]

The advantage of correlation over convolution is that the amount of signal offset, or DC value, is irrelevant
to its result. One of the most famous methods of measuring the dependence between two quantitative
variables is to find the Pearson correlation coefficient. The Pearson correlation coefficient is calculated as
follows. The correlation coefficient between X and Y is represented by p(X,Y) or corr(X <Y) and is
calculated by Eg. (8).

p(X,Y) = corr(X,Y) = LEEEDT-EW] @
14¢914¢9)H3

The numerator of this fraction represents the covariance between two variables X and Y. In addition, E is

the arithmetic mean of two random variables X and Y.

According to the definition given, the faulty section of the SIPC-compensated transmission line can be
determined. First, the relative percentage of correlation between gy values for the phases of both phases

(ab, ac, and bc) should be calculated separately according to Eq. (9). If condition (10) is satisfied for Eq.
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(9), the fault is located before the SIPC; otherwise, it is located after the SIPC. According to Eq. (10), Thl

is calculated by implementing the scenario of all different cases of asymmetrical short-circuit fault.

[corr(gKka,Ikb) cOTT(IKa 9K ) COTT(IKb K )]X100
a a-9Kc c = [Corro‘/’;b,Corro‘ff, Corro/lff] 9
max{corr(gka,Ixp),coTT(GkaIKc),cOTT (Kb 9K )}

[Corro}“ob,Corro/aoc, Corrozc] > Thl (10)
3-3- Flowchart of the proposed algorithm

In this section, the complete flowchart of the protection scheme is presented in Fig. 6. As shown, the
flowchart consists of two main parts. The first part involves detecting the occurrence of a fault in the line,
and the second part involves identifying the faulty section of the transmission line in question with respect
to the SIPC. All the steps described in Subsections 3.1 and 3.2 are included in full and in summary within

this flowchart.
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Fig. 6. Complete flowchart of the proposed protection scheme.

4. Simulation and results analysis

4-1- The tested three-phase network

Fig. 7 illustrates the three-phase diagram of the SIPC-compensated network. The total length of the line is

200 km, and the SIPC is installed at the midpoint. The network under study operates at a voltage of 230 kV

and a frequency of 60 Hz. Information about the line parameters, the Thevenin sources on both sides of the

ling, and the SIPC settings is provided in Table 1. The studied network is simulated using the Simulink

platform of MATLAB software, and the proposed algorithm is programmed in an m-file.
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Table 1. Network specifications.
Specifications of the lines
Parameter Value Parameter Value Parameter Value
ri(Ohms/km) 0.0529 I1(H/km) 0.0014 c1(F/km) 8.7751x10°
ro(Ohms/km) 0.3864 lo(H/km) 4.1264x10° | co(F/km) 7.751x10°
F (Hz) 60 Phase 3 V (V) 230x10°
Specifications of the power sources
Parameter Value Parameter Value Parameter Value
Phase-to-phase 230 The phase 20 Frequency 60
voltage (Vrms) (KV) angle of Bus S (Hz)
3-phase short- The phase
circuit level at base | 900x10° P 0 X/R ratio 7

voltage (VA)

angle of Bus R

Specifications of the SIPC

Series controller 2

Series controller 1

Specifications of the
converters

Parameter

Value

Parameter

Value

Parameter

Value

K1

1

K1

1

Power
Electronic
device

GTO

Tl

10

T1

10

Snubber
resistance
Rs (Q)

1x10°

L (H)

0.0068

C(F)

0.001

Internal
resistance
Ron (Q)

1x10*

4-1- Analysis of different fault scenarios in the test network

In this section, the aim is to examine in detail the 12 asymmetric short-circuit fault scenarios in the network

shown in Fig. 7. These scenarios involve different faults in various phases, at different distances, and with
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varying resistances on both sides of the SIPC. The results of implementing these scenarios are presented

below.

4-2-1 Scenario 1

In this scenario, it is assumed that at time t = 0.05 seconds, an ag fault with a resistance of 1 ohm occurred
at a distance of 25 km from terminal S. The three-phase current diagram of terminal S (S1=a (A), S2=Db
(B), Ss =c (C)) is shown in Fig. 8. The results of implementing the g index have been calculated for all
three phases. In the section related to the CSA indices, it can be seen that, considering the fault in the
positive half-cycle, the g; index initially increases. Due to the presence of a large DC component in the
signal, the increasing trend of g; continues. The strong stability of the CSA indices is clearly evident in this
figure. According to the obtained results, as shown, g:a has increased from zero in the first quarter-cycle of
the fault, which indicates fault detection in the transmission line. After correctly identifying the fault
occurrence time, the next step is to locate the faulty section with respect to the SIPC. In Fig. 9, the
correlation index between the g values is shown, which is used as a criterion to identify the faulty segment.
Finally, using the results obtained from the pairwise correlation index g: of both phases, the relative
percentage of correlation between the two phases can be calculated. Fig. 10 shows the results of this
evaluation. As shown, the value of this relative percentage for phases a and b exceeds 0.35, which indicates
the faulty section. Based on the obtained result, the fault occurred in the section between bus S and the

SIPC.
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Fig. 10. Faulty segment detection index in Scenario 1.

4-2-2 Scenario 2

Scenario 2 assumes that a phase-to-phase fault between phases a and b, with a fault resistance of 100 ohms,
occurred at a distance of 25 km from bus S at time t = 0.05 seconds. According to Fig. 11, the results of
measuring the three-phase current and the g index of the phases are presented. As shown, the g index for
phases a and b increased from zero during the time interval from 0.05 to 0.054 seconds. This indicates the
occurrence of a fault in the transmission line. According to the results, the strong stability of the CSA
indices in this figure is quite evident. Next, in Fig. 12, the correlation index for the g coefficients of both
phases in Scenario 2 is shown. Based on the results in Fig. 12, the value of the correlation index between
the g; valuesiis illustrated in Fig. 13, which is used as a criterion to detect the faulty section. As shown, the
value of this index for phases a and b exceeds the threshold of 0.35, indicating a fault in the section between

bus S and the SIPC.
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4-2-3 Scenario 3

Scenario 3 assumes that a bc fault occurred at a distance of 50 km from bus S, with a resistance of 1 ohm,
at time t = 0.05 seconds. Fig. 14 shows the three-phase flow diagram and the g index of all three phases for
g: and g2 As shown, g: for phase ¢ and g for phase b have increased from the zero-threshold value,
indicating the occurrence of a fault within a quarter of the fault detection cycle. In the section related to the
algorithm indices, a cumulative sum is observed. Considering that the fault in phase b occurs in the negative
half-cycle, the g- index grows first. Due to the presence of a large DC component in the signal, the upward
trend of g continues. As the wave enters the positive half-cycle, g; also grows and then returns to zero. The
same behavior is observed for phase c, and the algorithm successfully detects the fault. Due to the increase
in the value of g within the quarter cycle of the fault detection period, it is evident that the fault occurred
during this interval and was correctly identified by the algorithm. Subsequently, Fig. 15 plots the correlation
index for the g coefficients in Scenario 3 for the two phases. Based on the results obtained in this section,
the faulty section detection index in Fig. 16 is calculated for Scenario 3. According to the findings, for both
phases b and c, the index value exceeds the threshold of 0.35, indicating fault occurrence between bus S

and the SIPC installation bus.
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4-2-4 Scenario 4

In Scenario 3, it is assumed that a bg fault occurs at a distance of 50 km from bus S, with a resistance of
100 ohms, at time t = 0.05 seconds. In Fig. 17, the results of the three-phase current measured from bus S,
along with the g values for all three phases for g; and g, are plotted. Given that the fault appears in phase
b during the negative half-cycle, the g- index increases first. Due to the presence of a large DC component
in the signal, the upward trend of g continues. This is because the change in the g value for phases a and ¢
during the detection interval—from t = 0.05 to t = 0.054 seconds—is nearly zero, while for phase b, the g
value increases from zero within this interval. This indicates correct fault detection by the algorithm within
the available detection time. Additionally, Fig. 18 shows the results of implementing pairwise phase
correlation. Based on the results plotted in this figure, it is observed that the fault section detection index in
Fig. 19 for Scenario 4—corresponding to both phase pairs a—b and b—c—exceeds the threshold value of

0.35, indicating the occurrence of a fault in the section between bus S and the SIPC bus.
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Fig. 17. Three-phase current waveforms and g indices in Scenario 4.
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4-2-5 Scenario 5

Scenario 5 assumes a phase-to-phase fault between phases a and c¢ at a distance of 75 km, with a fault
resistance of 1 ohm, occurring at time t = 0.05 seconds. In the section related to the CSA indices shown in
Fig. 20, it can be seen that, since the fault in phase a occurs during the positive half-cycle, the g- index
increases first. Due to the presence of a large DC component in the signal, the upward trend of g continues.
This also applies to phase c, while the g value for phase b remains zero during the interval from t = 0.05 to
t = 0.054 seconds. Next, in Fig. 21, the correlation index results for the g coefficients of both phases are

plotted together. These results are used to calculate the fault section detection index. According to the
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findings, as shown in Fig. 22, the index value for phases a and ¢ exceeds the threshold, indicating that a

fault has occurred in the section between the SIPC and bus S.
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4-2-6 Scenario 6

Scenario 6 assumes that a cg fault occurred at a distance of 85 km, with a resistance of 100 ohms, at time t
= 0.05 seconds. In Fig. 23, the current of the three phases at terminal S is shown. Based on the measured
current, the g values for all three phases are plotted. According to the results, for phases b and c, the
measured g values exceed the zero threshold during the interval from t = 0.05 to t = 0.054 seconds,
indicating fault detection within this time interval. In Fig. 24, the results of measuring and calculating the
correlation between the two phases based on the g index are plotted. According to the results shown in Fig.
25, which are based on the correlation index, the fault detection index for phases b and c is greater than the
threshold value of 0.35, indicating the occurrence of a fault in the section between bus S and the SIPC

installation bus.
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4-2-7 Scenario 7

Scenario 7 assumes that an ag fault occurred at a distance of 125 km from bus S at time t = 0.05 seconds.
The fault resistance is considered to be 1 ohm. In Fig. 26, the three-phase current measured from bus S is
shown. According to the results presented in this figure, two g indices have been measured and calculated
for all three phases. Considering that the fault detection time for the proposed algorithm is a quarter of a
cycle, the results in Fig. 27 show that during the interval fromt = 0.05 to t = 0.054 seconds, the g amplitude
for all three phases increases from nearly zero. This increase in g is most prominent in phase b, indicating
the occurrence of a fault in the target line. Subsequently, the correlation index signal for the g coefficients
in Scenario 7 is shown in a pairwise format for both phases. Based on the results, the fault detection index
in Fig. 28 has been calculated. According to these results, all three measured indicators in this figure exceed

the threshold value, confirming fault occurrence in the section between bus R and the SIPC installation bus.
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Fig. 26. Three-phase current waveforms and g indices in Scenario 7.
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Fig. 27. Correlation index for g coefficients in Scenario 7.
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Fig. 28. Faulty segment detection index in Scenario 7.

4-2-8 Scenario 8

Scenario 8 assumes that an ag fault occurred at a distance of 125 km from bus S, with a resistance value of

100 ohms. The three-phase current signals measured from bus S for this fault are shown in Fig. 29. In the

same figure, the g values for all three phases are presented based on g: and g.. According to the results

obtained, each g index for all three phases exceeds the zero threshold during the time interval from t = 0.05

to t = 0.054 seconds, indicating the occurrence of a fault. The proposed algorithm successfully detects the

fault during this period. In the next section, Fig. 30 shows the results of implementing the correlation

coefficients between the phases, and based on these, Fig. 31 presents the values of the fault detection index.
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According to the results in Fig. 31, the measured indices for both phase pairs exceed the threshold value,

confirming that the fault occurred in the section between bus R and the SIPC installation bus.

I 2000
b
R s VN o=
3
© -2000
o 0.02 0.04 0.06 0.12
Time (S)
x10%
5 0051 10054 | T
g 5L [ |
< i
N LA
o 0.02 0.04 0.06 0.08 0.12
Time (S)
x10%
® uosl 10.054 |
H P
3 of g2b
Lae 1
o 5 I |
o 0.02 0.04 0.06 0.08 0.12
Time (S)
x10*
T T
§ 10 o0 10054 —
H ! g2c
E 5L |
o 1
® I I PN
o 0.02 0.04 0.06 0.08 0.12
Time (S)
Fig. 29. Three-phase current waveforms and g indices in Scenario 8.
2
5 10 X210 |
L'
§
g
w0
]
kK
£ /\
3 o L
© 250 -2000 -1500 1000 500 500 1000 1500 2000 2500
Sample
12
2 6 x10 .
o
q
Bar .
El
$
L2 |
K
3o I —_—
u-2500 -2000 1500 -1000 -500 500 1000 1500 2000 2500
Snmple
12
9 8 x10 .
o0
el e
o0
K]
sl /\ /\ i
]
S0 LN | | L |
Q-2500 -2000 -1500 -1000 -500 500 1000 1500 2000 2500
Sample

Fig. 30. Correlation index for g coefficients in Scenario 8.
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4-2-9 Scenario 9

Scenario 9 assumes a phase-to-phase fault between phases b and ¢ has occurred at a distance of 150 km
from bus S. This fault occurred at time t = 0.05 seconds and was considered for fault detection until t =
0.054 seconds. The results of the three-phase measurements from terminal S are shown in Fig. 32.
According to these results, for the two g indices across all three phases, the values of g1 have exceeded the
threshold of zero, indicating the occurrence of a fault on the specified line. Subsequently, the correlation
results between the two phases are calculated and plotted in Fig. 33, according to which, the fault detection
index is derived as shown in Fig. 34. Given that all three values exceed the threshold of 0.35, it is concluded
that the fault appears in the right section of the SIPC—specifically, in the section between bus R and the

SIPC.
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Fig. 34. Faulty segment detection index in Scenario 9.
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4-2-10 Scenario 10

Scenario 10 assumes a bg fault has occurred at a distance of 150 km at time t = 0.05 seconds. The fault
resistance in this scenario is considered to be 100 ohms. The results of the three-phase current
measurements, as well as the g index for all three phases, are presented in Fig. 35. According to the results,
the values of g: for phase a, g» for phase b, and g: for phase ¢ have exceeded the threshold, indicating that
a fault has occurred in the system. Additionally, the values of the correlation coefficient and the faulty
section detection index are shown in Figs. 36 and 37. Based on the results, it is evident that all three
measured values in Fig. 37 are greater than the threshold. This confirms that the fault happens on the right

side of the SIPC, i.e., on the line between bus R and the SIPC.
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Fig. 35. Three-phase current waveforms and g indices in Scenario 10.
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4-2-11 Scenario 11

Scenario 11 assumes an ag fault has occurred at a distance of 175 km from bus S, with a fault resistance of
1 ohm. The three-phase current values measured at bus S are shown in Fig. 38. This figure also includes
the calculated g index results for all three phases. According to the figure, the g values for all three phases
rise above zero during the time interval from t = 0.05 to t = 0.054 seconds. Based on these results, it is
evident that a fault has occurred in the network. Next, Fig. 39 presents the pairwise correlation diagram of

the phases based on the g index, and from this, the fault section detection index values for both phases are


https://doi.org/10.22060/eej.2025.24075.5651

AUT Journal of Electrical Engineering
10.22060/eej.2025.24075.5651

calculated and shown in Fig. 40. Since these values for the two phases exceed the threshold of 0.35, it is

concluded that the fault has occurred on the line between bus R and the SIPC installation bus.
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Fig. 39. Correlation index for g coefficients in Scenario 11.
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4-2-12 Scenario 12

Scenario 12 assumes a cg fault has occurred at a distance of 185 km from bus S, with a resistance of 100
ohms, at time t = 0.05 seconds. The three-phase current resulting from this fault, measured at bus S, is
shown in Fig. 38. Based on the results obtained for the current, the g index for all three phases has been
measured for a quarter of a cycle following the fault. According to the results, it is evident that during this
time interval, the g values have exceeded zero. These calculated values confirm that a fault has occurred on
the transmission line. Next, the correlation coefficients between the two phases—based on the g index—
are plotted in Fig. 39. Using the values from this figure, the faulty section detection index is calculated and
presented in Fig. 40. As shown, all values exceed the threshold of 0.35, indicating that the fault has occurred

between bus R and the SIPC bus.


https://doi.org/10.22060/eej.2025.24075.5651

AUT Journal of Electrical Engineering
10.22060/eej.2025.24075.5651

Corr (%)

Current (A)

2000 T T 0.05 X I —s1
1
O e <\><,><\_><Eg>‘<t></j i ; i\ﬁj
2000 L | 1 1
o 0.02 0.04 0.06 0.08 0.1 0.12
Time (S)
x10°
5 0051 10 T T
i :
L i
o ° I I A I I
o 0.02 0.04 0.06 0.08 0.1 0.12
Time (S)
x10°% . . .
ﬁ 0.051 10.054
/s 1 1
4 | | 1 I I
(] 0.02 0.04 0.06 0.08 0.1 0.12
Time (S)
x10%
5 0051 10054 | T T o
AYAAAATA
o 1 1
©, I I N | I
o 0.02 0.04 0.06 0.08 0.1 0.12
Time (S)
Fig. 41. Three-phase current waveforms and g indices in Scenario 12.
2 x1013
o0
g
Beb -
]
°
s 7
8
5o 1 1 1 | 1 I
Q-2500 -2000 -1500 -1000 -500 o 500 1000 1500 2000 2500
Sample
o x10'®
w4 T T T T T =
Sal i
o0
ME &
NE: i
° 1 I I 1 I 1 e
o -2500 -2000 -1500 -1000 -500 [ 500 1000 1500 2000 2500
o x101®
1= T =|
s o
o0
2l i
e &
o -‘2’500 -2000 -1500 -1000 -500 o 500 1000 1500 2000 2500
Sample
Fig. 42. Correlation index for g coefficients in Scenario 12.
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Fig. 43. Faulty segment detection index in Scenario 12.
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5. Sensitivity Analysis of the Proposed Algorithm

In the design and evaluation of protection algorithms, assessing their performance under non-ideal
conditions and critical scenarios plays a pivotal role in validating their practical robustness. While many
algorithms perform well under normal operating conditions, the presence of disturbances—such as noise,
current transformer (CT) saturation, transient phenomena due to switching, and severe loading—can
significantly compromise their accuracy and stability. Therefore, conducting a comprehensive sensitivity
analysis is a vital step in examining the resilience, adaptability, and reliability of the proposed algorithm
against disturbances and nonlinear phenomena. This section presents five representative scenarios designed
to evaluate the behavior of the proposed method under challenging conditions. These include a high-
impedance fault, noise injection into measurement signals, CT saturation, heavy load switching, and the
startup of a three-phase induction motor. Each scenario reflects practical and realistic conditions
encountered in power systems, and their analysis provides a deeper understanding of the algorithm's
strengths and limitations. The objective of this analysis is to identify the operational limits of the algorithm
under extreme conditions, evaluate its precision in detecting fault type and location, and assess its ability
to distinguish between actual faults and fault-like transients. Each scenario is independently examined, and
the algorithm’s performance is evaluated using behavioral indicators such as response stability, detection

accuracy, and disturbance tolerance.

5-1- Scenario S1: Sensitivity to High-Impedance Faults

In this scenario, a single-phase-to-ground fault (ag) with very high fault resistance (500 Q) is applied at a
distance of 175 km from bus S at time t = 0.05 s. High-impedance faults (HIFs) are among the most
challenging disturbances for protection systems, as they generate low fault currents that may go undetected

by conventional relays. Despite the weak fault signal and boundary conditions, the proposed algorithm
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successfully identified both the faulted phase and its location. This result, reported in Table (2), Row S1,

demonstrates the algorithm’s capability to detect weak faults using damping- and dynamic-based indices.

5-2- Scenario S2: Sensitivity to Noise Injection in Three-Phase Currents

This scenario evaluates the impact of noise on the algorithm's performance. A phase-to-phase fault (bc)
with a resistance of 5 Q is applied at a distance of 75 km from bus S at t = 0.05 s. Simultaneously, random
white noise with a signal-to-noise ratio (SNR) of 20 dB is injected into all three-phase current signals—
from one cycle before the fault until breaker operation. Analysis of the results shows that the algorithm
accurately detected both the faulted phases and location without any misclassification, confirming its
robustness against measurement noise. The critical SNR threshold for performance degradation was

estimated to be approximately 36 dB. These results are presented in Table (2), Row S2.

5-3- Scenario S3: Sensitivity to CT Saturation

In this scenario, a two-phase-to-ground fault (abg) with a fault resistance of 1 Q occurs at a distance of 150
km from bus S at t = 0.05 s. The CT saturation phenomenon is modeled based on the specifications of a
real industrial current transformer, as cited in reference [34]. The magnetic characteristic of the CT is
designed to enter saturation immediately upon fault initiation. The DC component of the output current has
a time constant of 50 ms, which represents the algorithm's critical threshold. For time constants below this
value, the algorithm correctly detects the fault. The results, shown in Table. 2, Row S3, confirm the

algorithm’s reliable performance even in the presence of waveform distortion caused by CT saturation.

5-4- Scenario S4: Sensitivity to Heavy Load Switching

In this scenario, at t = 0.05 s, a three-phase load rated at 2.5 MW with a power factor of 0.95 is connected
to bus R via a fast-switching device. Although no actual fault occurs in the system, the inrush current
associated with load switching closely resembles the transient signature of a fault. Nevertheless, the

proposed algorithm successfully distinguishes this transient from a genuine fault, preventing any
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unnecessary protective actions. The results, reported in Table. 2 , Row S4, highlight the algorithm’s

precision in discriminating non-fault transients from actual fault events.

5-5- Scenario S5: Sensitivity to the Startup of a Three-Phase Induction Motor

In this scenario, a squirrel-cage three-phase induction motor rated at 4 MW, 6.6 kV, and a lagging power
factor of 0.8 is connected to bus R through a transformer and circuit breaker. The motor is started at t =
0.05 s, generating an inrush current approximately 6.5 times its rated current, lasting for about 0.2 seconds.
This transient closely mimics the profile of a phase-to-ground fault. The proposed algorithm correctly
identifies this transient event and refrains from triggering protective commands. The findings, detailed in

Table 2, Row S5, confirm the robustness of the algorithm under heavy loading and startup conditions.

Table 2. Sensitivity Analysis Results for Various Test Scenarios of the Proposed Algorithm.

Scenario g1 g2 Corr Corr Corr  Detecting the Identify
a b ¢ a b (a,b) (ac) (b,c) occurrenceof the faulty

% % % a fault section

S & X ¢ X & X 10 46 39 v g{gé
2 X X ¢ X ¢« X 012 066 100 v bselfg(f:e
3 ¢ ¢ X ¢ & X 10 5 40 v g{gﬂé
S4 X X X X X X 235 00 436 > S —
S5 X X X X X X 866 53 265 > S —

The analysis of results from the five sensitivity scenarios clearly demonstrates that the proposed algorithm
exhibits high accuracy, strong discrimination capability, and operational robustness under complex and
unstable system conditions. These scenarios, which encompass a combination of realistic and challenging
operating environments, can be categorized into two main groups. In the first three scenarios, actual faults
occurred in the system under adverse conditions such as high measurement noise, current transformer (CT)
saturation, and high fault impedance. In contrast, the final two scenarios involve critical but fault-free
events, including heavy load switching and induction motor startup. In both groups, the algorithm exhibited
appropriate and differentiated behavior—accurately detecting and localizing faults when present, and

successfully avoiding false positives in the absence of actual faults.
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In scenarios S1 to S3, despite the presence of faults, the system was subjected to significant disturbances
such as low fault currents (due to high-impedance faults), measurement noise, and nonlinear CT saturation.
Under such conditions, traditional protection schemes often either fail to detect the fault or respond with
significant delay. However, the proposed method—relying on the first phase of its structure, namely the
CUSUM index—was able to capture persistent statistical deviations in signal behavior and detect the fault
in less than a quarter cycle. A key advantage of the CUSUM mechanism is that, unlike methods based on
absolute current magnitudes, it is not affected by waveform shape or signal amplitude. It responds only
when a structured and sustained deviation pattern is observed. This feature enables the algorithm to detect
faults even under weak signal conditions, as in scenario S1, or in the presence of severe waveform
distortion, as in scenario S3. In the case of noise (scenario S2), the algorithm’s stability in the presence of
random disturbances demonstrated that its internal statistical decision-making framework is capable of

distinguishing white Gaussian noise from genuine fault signatures.

In the next step, the second phase of the algorithm—based on computing inter-phase correlation
coefficients—accurately localized the faulted section in all three scenarios. The structural impact of the
SIPC, which divides the line into two electrically asymmetric segments from the relay’s perspective,
introduces distinguishable correlation patterns among the current signals on either side. By analyzing the
time-domain vectors of CUSUM outputs for each phase and calculating pairwise correlation coefficients,
the algorithm constructs a decision index that is then compared against a predefined threshold to determine
the fault location. The method’s ability to maintain this behavior under conditions such as CT saturation or
strong noise confirms the stability of its vector-based structure and reflects a deep understanding of the
dynamic characteristics of SIPC-equipped systems. In contrast, the final two scenarios (S4 and S5)
represent fault-like but benign transients caused by heavy load switching and motor startup. In these cases,
the algorithm was expected to remain passive and suppress any false fault indication. As shown in Table 2,
the CUSUM indices in these scenarios did not exceed the detection thresholds, and the correlation

coefficients did not exhibit any fault-like structure—meaning the algorithm correctly classified these high-
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intensity but non-fault events as non-fault conditions. This capability is particularly important, as many
protection algorithms are prone to false positives under such disturbances. The proposed method, by
effectively distinguishing transient disturbances from true fault patterns, successfully prevents unnecessary
protective actions. In summary, the results of the sensitivity analysis confirm that the proposed algorithm—
through its two-phase structure combining dynamic CUSUM-based analysis and inter-phase correlation
evaluation—demonstrates not only high sensitivity and precision, but also notable resilience and selectivity
under realistic operating conditions. Its accurate consideration of the asymmetry introduced by SIPC and
its robust multivariate statistical processing make it a reliable and practical solution for real-world

protection of SIPC-compensated transmission lines.

6. Comparison and Discussion

This section aims to compare the performance of the proposed algorithm in detecting fault occurrence and
identifying the faulted segment in transmission lines compensated with SIPC, alongside three well-known
methods published within the past year. For this evaluation, the algorithms presented in these three
references were implemented and adapted for use in SIPC-compensated transmission lines to detect faults
and determine the faulted section. The results of implementing these three methods, as well as the proposed

approach, are presented in Table. 3.

Table 3. Results of the Comparison Between the Proposed Method and Previous Studies.

Required Time Accuracy in
Reference  Method Title Signals for Computlatlpnal Required to 5400 T_est
Implementation Complexity Extract Scenarios
Results (ms) (%)
Three-phase .
[14] EMD-HT-FD current High 50 to 80 43
VMD-TEO- Three-phase .
[23] EDLS current Very High 301040 58
ES?A%OD Three-phase
[29] voltage and Very High 9to 15 66
PAPSII current
Scheme
CUSUM-
Proposed CORR Three-phase Very Low 4 98.46

Method Scheme current
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According to the results in Table 3 and the in-depth technical analysis of the algorithms proposed in
references [14], [23], and [29], it becomes evident that their poor performance in SIPC-compensated
transmission lines stems from a fundamental incompatibility with the dynamic, nonlinear, and injection-
based behavior of the SIPC architecture. In reference [14], the EMD-HT algorithm decomposes the phase
current signal using Empirical Mode Decomposition (EMD), followed by application of the Hilbert
Transform (HT) on the dominant IMF to compute instantaneous energy for fault detection. While this
method may perform adequately in fixed series capacitor-compensated lines, in SIPC-equipped systems—
where each phase includes two independently controlled SSSC units injecting dynamic voltage—the
current signal becomes highly non-stationary and multi-component. As a result, EMD suffers from mode-
mixing, preventing accurate IMF extraction, and the energy index derived via HT fails to reflect meaningful
fault-related features. Moreover, this method is structurally incapable of identifying the faulted segment
with respect to the SIPC, which is critical in systems where the compensator splits the line into two distinct
electrical zones.In reference [23], although the VMD-TEO approach appears more advanced—using
Variational Mode Decomposition and the Teager Energy Operator to extract fault-related energy—it
inherently assumes TCSC-type compensation and relies on converging iterative decomposition. In the SIPC
environment, however, continuous voltage injection by SSSCs rapidly alters the frequency profile of the
current signal, leading to divergence in IMF selection and incorrect identification of the faulted phase.
Furthermore, the spectral overlap between injected harmonics and fault-induced components undermines
the energy index’s reliability, especially for faults occurring near or across the SIPC node.In reference [29],
the ROCO-PSAPD-PAPSII scheme uses synchronized PMU data from both line terminals to compute the
rate of change of positive sequence active power (ROCO-PSAPD) and the phase angle of the integrated
impedance (PAPSII). Although theoretically promising, this approach requires a robust and high-speed
communication infrastructure and is highly sensitive to signal distortions. In SIPC-based lines, the
voltage/current inversion phenomenon—caused by asymmetric voltage injection from dual SSSCs—can
falsely trigger the ROCO-PSAPD index, misclassifying power flow disturbances as faults. Moreover, the

PAPSII index, based on impedance angle between terminals, becomes unreliable because the effective line
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impedance is dynamically altered by the SSSCs, which are not modeled in the algorithm’s formulation.
Collectively, these methods—despite their computational complexity—are not equipped to handle the
nonlinearity, segmental decoupling, voltage asymmetry, and high-frequency transients intrinsic to SIPC-
compensated systems. In contrast, the proposed method in this study leverages a lightweight, model-free
statistical approach using only the three-phase current from a single line terminal. It combines the CUSUM
algorithm with inter-phase correlation matrix analysis to detect abrupt changes in current behavior and
reliably identify the faulted segment relative to the SIPC. Crucially, these indicators respond directly to
structural features in the fault-induced current waveform, without reliance on synchronized measurements
or frequency-domain decomposition. This makes the algorithm robust against the complexities of SIPC
dynamics. As a result, it correctly identified the fault type and location in 5317 out of 5400 scenarios
(98.46% accuracy), outperforming the other methods, which achieved only 43%, 58%, and 66% accuracy,
respectively. Therefore, both in terms of quantitative performance and algorithmic compatibility with the
physical behavior of SIPC-based systems, the proposed method offers a demonstrably superior and

practically viable protection solution.

7. Conclusion

This paper presented a robust and intelligent algorithm for the detection, classification, and localization of
asymmetrical faults in SIPC-compensated transmission lines, with an emphasis on real-time
implementation and operational resilience. The proposed method, rooted in a two-phase statistical structure,
utilizes the CUSUM technigue to detect the onset of disturbances and employs inter-phase correlation
analysis to localize the faulted section relative to the SIPC. Unlike traditional methods that rely on
threshold-based current magnitudes, this approach demonstrates significant immunity to measurement
noise, CT saturation, and high fault impedance, as verified by the sensitivity analysis. The algorithm’s
structure enables decision-making based on the dynamic behavior and statistical evolution of input current
signals, rather than their instantaneous values. This deep statistical insight allows the method to detect subtle

deviations in signal patterns with high temporal precision—achieving fault detection in less than a quarter
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cycle—while effectively filtering out non-fault transients such as motor startups and load switching. The
use of g1 and gz indices derived from phase-wise CUSUM enables accurate detection of fault inception,
while the correlation-based decision index ensures correct identification of the faulted section despite the
asymmetric topology introduced by the SIPC. The method was validated through comprehensive
simulations under 5,400 different fault and system conditions, achieving a remarkable overall accuracy rate
of 98.46%. Among these, 12 diverse scenarios were selected for detailed analysis, covering various fault
types, fault locations (on both sides of the SIPC), fault resistances, and power flow directions. The algorithm
performed successfully across all of them. Furthermore, five dedicated sensitivity analysis scenarios were
designed to evaluate the robustness of the algorithm under challenging and realistic conditions. The
algorithm proved highly resilient in detecting real faults in the presence of Gaussian noise, CT saturation,
and high-impedance fault conditions (S1-S3), and it successfully avoided false detection in non-fault but
critical events (S4-Sb). This confirms the discriminative capability and operational selectivity of the
proposed approach, even in scenarios where many conventional methods fail or produce unreliable
responses. Another key strength of the proposed method lies in its adaptability to the physical topology and
behavioral dynamics of SIPC devices. By explicitly modeling the asymmetric current distribution around
the SIPC and exploiting its influence on the correlation structure of phase currents, the algorithm exhibits
a profound contextual awareness that extends beyond conventional relay logic. In summary, the presented
approach is not only accurate and fast but also robust, scalable, and practical for real-world deployment in
modern power systems with SIPC. Future research may focus on extending the algorithm to identify the
faulted phase(s), locate the exact fault point along the line, and integrate it into digital relays or SCADA

environments for real-time operation.
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Abbreviations

Beq

Beql

Bqu
Corr®%
Corr®*%
Corr*%
E(X)
E(Y)
gk(1)
9x(2)
Oka

OKb

Oke
h

I1

I2

i1
id2
X1
X2

k

K1
ma
ma
Po
Pinj,r
Pinj,s
Pr
Ps
Qinj,r
Qinj,s
Qirc
Qr
Qrer
Qs
So
Sipc
Sk
Sk(1)
Sk(2)
SRrerF
T1
T2
Thl
\'
V(X)
V(Y)
V4
Vi

SIPC equivalent suspensions

Equivalent suspensions of series 1 converter

Equivalent suspensions of series 2 converter

Correlation coefficient between a and b

Correlation coefficient between aand c

Correlation coefficient between b and ¢

Expected value of X

Expected value of Y

The test result of the actual sampled value taken at the kth moment
The test result of symmetrical of the sampled value taken at the kth moment
The test result of phase a

The test result of phase b

The test result of phase ¢

Denotes the threshold parameter

Current of line 1

Current of line 2

Converter injection current 1

Converter injection current 2

Equivalent reactance of transformer winding 1

Equivalent reactance of transformer winding 2

Bus number counter

Controller gain

Modulation coefficient of converter 2

Modulation coefficient of converter 1

Active power component of the SIPC operating point on the apparent power circle.
Active power injected into r

Active power injected into S

The active power of the r bus

The active power of the S bus

Reactive power injected into r

Reactive power injected into S

IPC reactive power

The reactive power of the r bus

Reference reactive power

The reactive power of the S bus

Apparent power at the SIPC operating point, composed of Po and Qo.
IPC apparent power

The sample taken at the kth moment

The actual sampled value taken at the kth moment
Symmetrical of the sampled value taken at the kth moment
Reference apparent power

Controller time constant

Transformers 2

Threshold

Reference parameter and the output index of the algorithm
Variance of X

Variance of Y

DC link voltage

r bus voltage
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Vs S bus voltage
Vs1 Vs1 voltage
Vs2 Vs2 voltage
Vse1 Series 1 converter voltage
Vse2 Series 2 converter voltage
X Random variable
Y Random variable
o1 Angle between voltage Vse: and voltage Vs
a2 Angle between voltage Vse2 and voltage Vs
S Control angle that sets the active-to-reactive power ratio at the SIPC output.
Osr Change in active power at bus r caused by adjustments of a and f.
p Instantaneous radius of the SIPC apparent power vector in the Q—P plane, set by a.
Pmax Maximum attainable radius of SIPC apparent power, limited by design.
T Time constant associated with the SIPC control response or transient injection delay.
o1 Angle between voltage Vs: and voltage Vs
®2 Angle between voltage Vsz and voltage Vs
®s Angle between voltage VS and zero reference
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