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For high-voltage (symmetric and non-symmetric) transmission networks, detecting simultaneous faults utilizing a single-end-based scheme is complex. In this regard, this paper suggests novel schemes for detecting simultaneous faults. The proposed schemes comprise two different stages: fault detection and identification and fault classification. The first proposed scheme needs communication links among both ends (sending and receiving) to detect and identify the fault. This communication link between both ends is used to send and receive three-phase current magnitudes for sending and receiving ends in the proposed fault detection (PFD) unit at both ends. The second proposed scheme starts with proposed fault classification (PFC) units at both ends. The proposed classification technique applies the Clarke transform on local current signals to classify the open conductor and simultaneous faults. The sign of all current Clarke components is the primary key for distinguishing between all types of simultaneous low-impedance and high-impedance faults. The fault detection time of the proposed schemes reaches 20 ms. The alternative transient program (ATP) package simulates a 500 kV–150-mile transmission line. The simulation studies are carried out to assess the suggested fault detection and identification and fault classification scheme performance under various OCFs and simultaneous earth faults in un-transposed and transposed TLs. The behavior of the proposed schemes is tested and validated by considering different fault scenarios with varying locations of fault, inception angles, fault resistance, and noise. A comparative study of the proposed schemes and other techniques is presented. Furthermore, the proposed schemes are extended to another transmission line, such as the 400 kV–144 km line. The obtained results demonstrated the effectiveness and reliability of the proposed scheme in correctly detecting simultaneous faults, low-impedance faults, and high-impedance faults.
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1 INTRODUCTION
1.1 Background and motivation
The most challenging task in protecting transmission lines is detecting faults the power system faces at a reliable performance level. Transmission line faults based on nature in terms of resistance are divided into low-impedance faults (LIFs) and high-impedance faults (HIFs). The main distinction between them is that the increased impedance is within the path of the fault current, limiting the arc current. LIFs comprise single line-to-ground faults, phase-to-phase faults, etc. HIFs result from unwanted contact with power conductors that are poorly connected to surfaces, making it difficult to detect these faults using traditional protection relays (Ghaderi et al., 2017). Like the open conductor (OC), a pathway toward the ground is not always included in HIFs. The open conductor faults (OCFs), like the series HIFs, cause the circuit breaker to not open due to the direct opening bridle. This is followed by the descent of the conductor to the ground (Jeerings and Linders, 1991). In addition, the OC in the transmission lines (TLs) is a challenging problem in power system operation. As a result, the system’s stability suffers as the power transmitted over the line is lowered and healthy phases may be subjected to overloading. Furthermore, if the system is non-earthed, the voltage in the healthy phases may increase (Velez, 2014). Electric shocks and fire hazards generated by open conductor faults (OCFs) are also significant concerns regarding community safety, property failure, and losses. So, first and foremost, fast detection of OCFs is essential to transmission utilities (Abdel-Aziz et al., 2017). Because OCFs do not considerably increase current or voltage drop, distance protective relays, considered the TLs’ principal protection mechanism, cannot detect them. As a result, the distance relay does not trip, and the fault will continue to occur in the open connector until the connector falls to the ground and is detected by another protection relay. In some cases, an earth fault relay can identify this fault-based high value of current when the conductor falls on a surface with meager resistance; however, since it is considered a standby protective for TLs, it will suffer from a delay time.
1.2 Literature overview
According to the literature, there are two proposals for identifying OCFs in transmission systems. The negative sequence was the suggested technique for identifying open and down conductor faults, where the negative sequence to the positive sequence current portion is introduced (ALSTOM, 2017). Different artificial intelligence schemes, such as neural networks (Koley et al., 2014) and In (Shukla et al., 2017), utilized the wavelet and naïve Bayes classifier to detect the OCF in six-phase TLs. Most previous schemes, such as thresholds in ALSTOM (2017), do not fully define the OCF problem and offer specific practical implementation challenges. Furthermore, the robustness of the artificial neural network protection scheme proposed by Gilany et al. (2010) has several practical constraints to be fabricated, as the reliability of these systems is highly determined by the nature of the design and the level of changes made to it, such as higher increased loads. In Elmitwally and Ghanem (2021), detecting the fault, selecting the faulty phase, and identifying the fault point depended on measuring the three-phase current at the protective relay in superimposed components of compensated TLs. In Khoshbouy et al. (2022), the ratio for the phase voltage at the sending end to the sum of the ratio for the phase current for two ends in TLs, called pilot superimposed impedance, was used to detect interior and exterior faults competed to a predetermined value, which was estimated based on Thevenin impedance.
Furthermore, many algorithms have been introduced in the literature over the past 20 years to detect OCFs in electric distribution utilities. For instance, voltage unbalance over the feeder was measured to identify the OCFs using sensors (Vieira et al., 2019); however, these sensors need sophisticated communication between these devices. In addition, the proportion of the SC current was inspected in Jayamaha et al. (2017); this requires the installation of current sensors over the line to protect it and deal with numerous challenges that may be difficult to overcome. Other proposed approaches, such as that introduced in Silva et al. (2018), relied on installing a device that measures the second or third harmonics of the current and follows the changes that may occur due to faults. Other schemes of detecting OCFs relied on the data measured from phase-measuring units (Zanjani et al., 2012). However, this necessitated precise management between these units and the control center. The detection strategy presented in Adewole et al. (2020) to identify an open phase was based on the current imbalance prevalent during the occurrence of OCFs; however, it was only suitable for earthed distribution utilities. Additionally, the current arc value changes rapidly over time during HIFs, which presents another challenge for schemes that rely on measuring the variance in frequency components (FCs) of the current due to arcing. The concept behind this is extracting the transient change in the fault (Shukla et al., 2017). In addition, many research works have been published to identify the fault in TLs based on wavelet transform applications, such as discrete wavelet transform, wavelet packet transform, and single-wave entropy schemes. Numerous works used the discrete wavelet transform scheme because time–frequency localization can assess the transients during HIFs (Saravanababu et al., 2013). However, the schemes that rely on high-frequency components, as described in Ashok et al. (2019), result in weak discrimination between LIFs and HIFs. Conversely, algorithms such as those used in Rathore and Shaik (2015) relied on low-frequency components that failed to distinguish HIFs. It should be mentioned that incorporating between low and high frequencies was discussed using predetermined values in Shaik and Pulipaka (2015). However, the fault was not detected when switching a large load case because the value of the low-frequency component primarily relies on the value of the load current. Furthermore, research works (Usama et al., 2014) based on wavelet analysis focused on detecting earth faults, not OCFs. Accordingly, the difficulty in detecting and locating OCFs remarkably affects the state of OCFs on both sides of TL systems. In Asuhaimi Mohd Zin et al. (2015), fault detection and classification utilized discrete wavelet transform and back-propagation neural networks based on Clarke’s parallel-transmission transformation. The fault detection and classification of fault types that are triggered in three-phase TLs using the artificial neural network is described in Assadi et al. (2023). The proposed scheme can detect and classify several faults, including line-to-ground, line-to-line, double-line-to-ground, triple-line, and triple-line-to-ground faults. In Mahanty and Gupta (2007), the methodology for fault analysis uses current samples with the help of fuzzy logic. In this technique, only one end of the three-phase current samples was considered to achieve fault classification. The neural network was utilized for training, and a fuzzy view point was applied to gain an insight into the system and to reduce the complexity of the system (Dash et al., 2000). Jayabharata Reddy and Mohanta (2007) presents a real-time wavelet–Fuzzy combined scheme for digital relaying. The algorithm for fault classification utilizes wavelet multi-resolution analysis to overcome the complications combined with conventional voltage and current-based measurements due to the effect of fault inception angle, fault impedance, and fault distance. No scheme has proven its superiority and effectiveness in all fault scenarios. Thus, new effective solutions are therefore needed.
1.3 Contributions and novelty
This work discusses a detection scheme that relies on the Clarke transform conversion for the current signals in TLs, such as the OCF on both sides and the OCF on a single side, followed by an earthed fault on another side through LIFs and HIFs. The sign of all current Clarke components is the primary key for distinguishing between all types of simultaneous LIFs and HIFs. The alternative transient program (ATP) package simulates a 500 kV–150-mile transmission line. The behavior of the proposed schemes is tested and validated considering different fault scenarios with different fault locations, inception angles, fault resistance, and noise.
Furthermore, the proposed schemes are extended to another transmission line, such as the 400 kV–144 km line. The obtained results demonstrated the effectiveness and reliability of the proposed scheme in detecting simultaneous faults, LIFs, and HIFs correctly in 20 mS.
The novelty in the proposed scheme and the essential features that verify the accomplishment achievement of its purpose effectively compared to the preceding approaches are as follows:
• Functionality: It can correctly discriminate between OCFs (series faults), two types of broken conductors together with earth faults (shunt fault) occurring after a short period (simultaneous earth faults), HIFs, and LIFs. These faults are correctly detected at both ends compared to other existing schemes that see these faults at a single end.
• Cost: It does not require the installation of new current transformers because it relies on the measurements at both ends and does not use the high sampling frequency compared to other existing schemes.
• Flexibility and independency: It utilizes powerful threshold values at both ends and relies on a detailed description study in this manuscript. Consequently, the proposed threshold values are appropriate for all fault scenarios and do not need adaptive values under variations of network configuration (independent of the system topology) or variations in load current.
• Speed: It has advantages in terms of speed and visibility in its application compared with other existing schemes because it corrects discrimination using communication links between both ends already installed.
1.4 Organization
The rest of the manuscript is organized as follows: Section 2 clarifies the fundamental problem investigated in this work. The proposed fault detection strategy is introduced in Section 3. In Section 4, the behavior assessment for the proposed scheme is conducted using ATP to examine the ability to identify the fault. In Section 5, a comparison is made between the proposed scheme and other schemes presented in the literature. Finally, Section 6 is dedicated to the conclusion drawn and future work directions. A schematic overview of the proposed scheme’s assessment steps and the work’s organization is given in Figure 1.
[image: Figure 1]FIGURE 1 | Schematic overview of the proposed scheme’s assessment steps and work organization.
2 PROBLEM DESCRIPTION
Figure 2 shows both types of OCFs (series faults) and broken conductors together with earth faults (shunt faults) occurring after a short period (simultaneous earth faults). Figure 2A illustrates an OC from two sides. The OCF can occur if the bridle wire is open and banned at two sides, as seen in Figure 2B. An OC (broken conductor) happens on one end, followed by a down conductor appearing on the opposite end (simultaneous faults). As a result of opening the same conductor, the down conductor takes time to touch the soil, depending on the height of the conductor above the ground and the acceleration due to gravity. The surface/soil resistance value significantly affects the fault current’s value. The OC in the receiving end side at 0.08 s is followed by a shunt fault across LIFs and HIFs at the sending end side, as illustrated in Figure 2C. The OC at the sending end side, after 0.08 s, is followed by a shunt fault across LIFs and HIFs at the receiving end side, as illustrated in Figure 2D. Consequently, HIFs can be termed as shunt faults disregarding the OC case (Banner and Don Russell, 1997). HIFs usually occur beside the OC near the receiving end and touch a surface of the ground or by other elements at the sending end side of the transmission system.
[image: Figure 2]FIGURE 2 | Presentation of an open conductor and simultaneous faults for phase A: (A) open circuit fault; (B) exhibition of OCF; (C) OC at the receiving end followed by a shunt fault at the sending end (denoted OCRE/EFSE); (D) OC at the sending end followed by a shunt fault at the receiving end (denoted OCSE/EFRE).
HIFs are affected by several factors, including the material of the ground surface, moisture of the surface, levels of voltage, and weather circumstances. One factor that significantly impacts the characteristics of HIFs is surface humidity, where surfaces with high humidity lead to increased fault current magnitude (Kavaskar and Kant, 2019). In addition, HIFs occurring through different materials could lead to other voltage–current characteristics. Materials that touch down-conductors from the tower may include tree branches, lawns, gravel, deep gravel, thin gravel, asphalt, concrete, sand, crushed stone, board blocks, and cement. Recently, the down conductor problem in distribution networks has been solved, as explored by Esmail et al. (2022). This motivated the authors to investigate solving the same problem in transmission line systems.
This work investigates the problem of detecting simultaneous series and shunt earth faults in conventional protection relays in the TL by applying different simulation cases in power systems. All simulated cases were taken at 130 miles from the sending end, which emphasized the actual performance of the protection relay, which is not seen in these types of faults owing to the small fault current value. At the same location, various faults were implemented, with OCFs and an OC at the receiving end side, followed by an earth fault on the sending end side, and an OC at the sending end side, followed by an earth fault on the receiving end side.
The traditional protection performance under these simulated faults was examined, as shown in Figure 3, by computing the discrete Fourier transform (DFT)-based amplitude for three-phase currents and imbalance ratios (I2/I1, I0/I1), considering OCFs at both ends. Conventional protection cannot detect the broken conductor fault by investigating the results. The value for the current amplitude of phase A and I2/I1, I0/I1 ratios at the sending end provide a maloperation for the device. Furthermore, the current amplitude of phase A gives (10–15) % of its values at normal operation.
[image: Figure 3]FIGURE 3 | DFT-based amplitudes for three-phase currents and imbalance ratios considering OCFs at both ends.
In addition, the behavior of the traditional protective relay under these simulated faults was examined, as shown in Figure 4, by computing the DFT-based amplitude for three-phase currents and ratios (I2/I1, I0/I1) at both ends. The value of the current amplitude of phase A gives (140–160) % from its value at normal operation at the sending end, which is considered a shunt fault, but the value of the same phase A gives (10–15) % from its values at normal operation at the receiving end, which is considered a series fault. Moreover, the values of both ratios (I2/I1, I0/I1) at both ends resulted in a malfunction for both protection devices. Figure 5 shows the DFT-based amplitudes for three-phase currents and unbalanced ratios under an OC at the protective relay aspect, followed by earth fault in the reverse protection relay aspect at both ends. The recorded amplitude for phase A at the sending end gives (10–15) % of its values at normal operation, demonstrating that its devices cannot detect this fault condition. However, at the receiving end, the recorded amplitude for the same phase gives (140–160) % of its value at normal operation, which is considered a shunt fault. Furthermore, the unbalanced ratios at both ends cannot provide any detection for this type of fault condition. These results highlighted the incapability of traditional protection strategies in detecting these types of faults.
[image: Figure 4]FIGURE 4 | DFT-based amplitudes for three-phase currents and unbalanced ratios considering OCFs at the receiving end followed by earth fault at the sending end (OCRE/EFSE) at both ends.
[image: Figure 5]FIGURE 5 | DFT-based amplitudes for three-phase current and unbalanced ratios considering OC at the sending end followed by earth fault at the receiving end (OCSE/EFRE) at both ends.
3 SUGGESTED FAULT DETECTION, FAULT IDENTIFICATION, AND CLASSIFICATION SCHEMES
3.1 Fault detection, identification, and classification
The proposed schemes comprise different stages: fault detection, identification, and classification, as declared in Figure 6. As illustrated in Figure 6, the introduced scheme relies on the existing phasor measurement unit at the high-voltage side. Each phasor measurement monitors the three-phase currents’ magnitudes. Phasors are considered the primary tool for analyzing the power system in its steady state or transient situations, so phasor estimation is quite essential for protection applications. Estimating the voltage and current phasor is performed concerning one frequency, which is usually the fundamental power frequency. A phasor measurement unit, or synchrophasor, is a device that measures a power system’s synchronized current phasor. Synchronization among phasor measurement units is achieved by same-time sampling of voltage and current waveforms using a famous synchronizing signal. The ability to calculate synchronized phasors makes the phasor measurement unit one of the most important measuring devices in the future of power system monitoring and control. Precise synchronization of sampling clocks throughout the power system became possible with the advent of the global positioning system (GPS) satellite system. Although the precision of synchronization was not very good in the early years of the system, at present, it is possible to achieve synchronization accuracies of 1 µs or better.
[image: Figure 6]FIGURE 6 | Flow chart of the proposed fault detection, identification, and fault classification schemes.
The applicability and feasibility of the proposed schemes are clear. Nevertheless, the proposed scheme needs communication links between both ends (sending and receiving end) to detect, identify, and classify the fault. This communication link between both ends is used to send and receive three-phase currents’ magnitudes for sending and receiving ends in the proposed fault detection (PFD) unit at both ends. The presented scheme is embedded in the PFD unit on both ends to detect and identify these faults when one or two conditions are verified. In the sending end PFD unit, the first condition is proving if the obtained sending end current for phase a at fault is equal to or less than (10–15) % of the sending end current for phase A at normal operation. The second condition is verifying if the obtained receiving end current for phase A at fault is equal to or more than (140–160) % of the receiving end current for phase A at normal operation. Furthermore, in the receiving end PFD unit, the first condition is verifying if the obtained receiving end current for phase A at fault is equal to or less than (10–15) % of the receiving end current for phase A at normal operation. The second condition is verifying if the obtained sending end current for phase A at fault is equal to or more than (140–160) % of the sending end current for phase A at normal operation. The security attribute for the presented algorithm is achieved under unbalanced load conditions. Thus, the obtained sending end or receiving end current for phase A at fault is more than (140–160) % of the sending end or receiving end for phase A at normal operation. According to the proposed detection scheme, this is the second condition monitoring if the first condition is verified.
Consequently, the proposed scheme is not affected by unbalanced load conditions. On the other hand, the presented algorithm is susceptible to consideration because the computed current signal significantly increases to specific high ratios according to the fault type. The threshold values ((10–15) % and (140–160) %) are selected based on the detail analysis under all possible fault conditions in Section 2. The expected threshold values under these faults are as follows:
3.1.1 Series fault
Under series faults, the obtained sending end current for phase a at fault is equal to (10–15) % of the sending end current for phase a at normal operation in the sending end PFD unit, and the obtained receiving end current for phase a at fault is less than (10–15) % of the receiving end current for phase a at normal operation in the receiving end PFD unit, which means that only the first condition is verified, and then sending a message of series fault being identified to the sending end PFC unit. Accordingly, the process of the fault classification PFC unit starts after receiving a message that the series fault is identified from the sending end PFD unit.
3.1.2 Series–shunt fault
Under the series–shunt fault, in the receiving end PFD unit, similarly, the first condition is verified. The second condition is checked (if the obtained sending end current for phase a at fault is equal to or more than (140–160) % of the sending end current for phase a at normal operation) and verified. If two conditions are verified, the PFD unit sending a message of series–shunt fault is identified to the sending end PFC unit, and the flow of fault classification starts after receiving this message in its unit.
3.1.3 Shunt–series fault
Under shunt–series fault, the first condition is verified in the sending end PFD unit. The second condition is detected (if the obtained receiving end current for phase a at fault is equal to or more than (140–160) % of the receiving end current for phase a at normal operation) and verified. If two conditions are verified, and then receiving a message of shunt–series fault is identified from the receiving end PFD unit, the flow of fault classification starts in the receiving end PFC unit.
According to the previous subsection, fault detection, identification, and fault classification are performed in both PFD units at both ends. Furthermore, the first step of fault classification is checked in both PFC units using PFC units on both ends, as seen in Figure 6. The fault classification procedure further takes place after calculating the Clarke components and checking the sign of each component using the chart seen in Figure 7. Then, all PFC units in both sending and receiving ends send the message of fault classification to the sending and receiving end protection relay, respectively.
[image: Figure 7]FIGURE 7 | Flow chart of the proposed fault classification scheme in PFC units at both ends.
3.2 Formulation of the suggested fault classification scheme and decision-making stage
In the PFC units, the formula of the suggested fault classification is examined under some critical insights into un-transposed and transposed TLs. In this regard, the impedance matrix is symmetrical in the un-transposed case (symmetrical space between the conductors). In a symmetrical space between the conductors, the self or diagonal terms are generally unequal, and neither is the mutual or off-diagonal term in the impedance matrix. The current flowing in any one conductor will induce voltage drops in the other two conductors, which may be unequal even if the currents are balanced. Asymmetric voltage drops caused by the mutual impedances are unequal. This issue can be solved by making the TLs a perfectly transposed line in which the three sections have equal lengths. The perfect transposition results in the same total voltage drop for each phase conductor and equal average series self-impedance of each phase conductor. This effect applies to the average series phase mutual impedance and the average shunt phase mutual susceptance. Consequently, the phase impedance for a perfectly transposed single circuit is symmetric. Applying an entire transpose scheme suffers from expensive costs and inconvenience. Accordingly, the line may be transposed at one or two locations along the line route. This configuration provides a symmetrical impedance matrix.
In the proposed fault classification procedure, the output of the Clarke matrix is reflected in signals of the phase currents to detect various OCFs in un-transposed and transposed TLs precisely. The time-domain transformation is used with Clarke components, denoted as α, β, and 0, which are extracted as follows:
[image: image]
The Clarke components are represented by Eq. 1, considering phase a as a reference, and two other Clarke components concerning phases b and c. In general, the same zero “0” component exists for any reference, whereas phases a, b, and c have three “β” components. These components are called aerial modes 1, 2, and 3 when OCFs or simultaneous earth faults occur. First, when conductor a opens, as shown in Figure 2B, one can note the following for Clarke’s components:
[image: image]
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Second, when the simultaneous earth fault at phase a happens, as shown in Figure 2C or Figure 2D, one can find that Clarke’s matrix components change as follows:
[image: image]
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Evaluating the three components of the Clarke matrix shows that aerial modes 1 and 2 best identify OCFs and simultaneous earth faults. The values of aerial modes 1 and 2 are 0 under healthy conditions. If OCFs occur, analysis of Clarke’s matrix components reveals that the value of aerial mode 1 is negative and the value of aerial mode 2 is positive, as shown in Figure 7.
The same components are examined when LIFs are involved in the investigation. Aerial mode 1 is found to have a positive sign, while aerial mode 2 has a negative sign. This means that OCFs and LIFs are entirely different when compared to each other. Moreover, the sign of aerial modes 1 and 2 is positive, and their values are low if HIFs occur. In addition, if an OCRE/EFSE fault occurs, it will be found that the sign of aerial mode 1 changes from negative to positive, and the sign of aerial mode 2 changes from positive to negative. Furthermore, the sign of aerial mode 1 is negative, and its value increases, while the sign of aerial mode 2 is positive, and its value increases when an OCSE/EFRE fault occurs.
4 STUDIED SYSTEM AND PERFORMANCE EVALUATION OF THE SUGGESTED FAULT DETECTION, IDENTIFICATION, AND FAULT CLASSIFICATION SCHEMES
Figure 8A shows the single-line diagram of the 500 kV, 138-mile TL simulated in the ATP/EMTP program. The ATPDraw software is an interface to implement the system (Prikler and Høidalen, 2009). This TL model is a benchmark in ATPDraw software, and it is represented using the three-phase JMARTI frequency dependence model in the ATPDraw field using the line/cable module (Prikler and Høidalen, 2009). The JMARTI representation is a frequency-fitted model in a specific frequency range. The JMARTI model is utilized to apply the simulated line and therefore take waveforms for the fault case in evaluating the proposed schemes. The results taken in this study are the same as the results taken on the same system in Elkalashy, 2014; Elkalashy et al., 2016. For simultaneous series and shunt earth fault detection and classification using the Clarke transform for TLs under different fault scenarios, the line parameters have been extracted, and results show that the self-impedance of this line, for a length of 138 miles, is 0.1431 + j1.2999 Ω, while that of the mutually linked one is 0.1052 + j 0.6249 Ω, according to the retrieved line parameters. Using a mutually linked RL circuit, Thevenin’s equivalent impedance at buses S and R is expressed as R1 = 1.0185 Ω, L1 = 50.929 mH and zero sequences are R0 = 2.037 Ω, L0 = 101.85 mH at bus S and R1 = 1.0185 Ω, L1 = 42.85 mH, R0 = 1.735 Ω, L0 = 101.85 mH at bus R. The TL configuration is illustrated in Figure 8B, where the DC resistance is 0.05215 Ω/mile, the outer diameter of the conductor is 1.602 inch, and the inner radius of the tube is 0.2178 inch. The sky wires are solid; their dc resistance is 2.61 Ω/mile, and the outer diameter is 0.386 inch. The resistivity of the soil is equal to 100 Ω.
[image: Figure 8]FIGURE 8 | Single-line diagram (SLD) of the simulated TL system and the selected tower: (A) SLD; (B) tower configuration.
The JMARTI model is fundamentally depicted by the rational approximation of the characteristic impedance (Zc) and by the elements of the propagation matrix (H). The JMARTI model’s fitting technique is based on the theory of asymptotic approximations of magnitude functions. This rational approximation technique starts with only real poles and zeros and, therefore, real state variables. A small error in simulation for 500 kV TL is found using system verification in the ATPDraw software program. In Bañuelos-Cabral et al. (2019), the model’s accuracy was increased by using only real poles through vector fitting.
The simulation studies are carried out to assess the suggested fault detection, identification, and fault classification scheme performance under various OCFs and simultaneous earth faults (OCSE/EFRE, OCSE/EFRE) in un-transposed and transposed TLs while sampling the current signal at 200 kHz, such that a conductor opens on both sides (OCFs): an OC on the relay aspect at 0.08 s, followed by a shunt fault on the opposite aspect due to low resistance of 3 Ω (OCSE/EFRE), and an OC on the relay’s opposite aspect at 0.08 s, followed by a shunt fault caused by 3 Ω low resistance (OCRE/EFSE). The two kinds are repeated with HIFs and LIFs.
Furthermore, the proposed fault detection, identification, and fault classification schemes were verified during the recorded signals considering noise impacts as in practical TLs. Therefore, the recorded error signals captured in the proposed schemes are contaminated with white Gaussian noise, with a 30–60 dB signal-to-noise ratio. The proposed schemes are unaffected by any signal-to-noise ratio; however, a signal-to-noise ratio equal to 40 dB is used in this work.
First, we suppose an OCF occurs at 130 miles from the sending end. In that case, the values of Clarke components are shown in Figure 9 considering four scenarios (transposed line without noise effect, transposed line with noise effect, un-transposed line without noise effect, and un-transposed line with noise effect. When the conductor opens, one can find that phase a’s current value decreases to the lowest value compared to its value before opening the conductor. For phase current b, a decrease in the current value up to 1,983 A occurs. Then, an increase in the current value up to 2,040 A occurs, followed by a reduction in its value up to 1,887 A and then an increase in its value up to 1965 A. For phase current c, an increase in the current value up to 2,193 occurs, followed by its decrease to 1995 A, then increases to 2,044 A, followed by a reduction in its value to 1873 A, taking into account that the value of phase current b is higher than that of phase current c, after steadying their values after a series of fluctuations. This, in turn, resulted in the sign of aerial modes 1 and 2 being negative and the sign of the grounding mode being positive. Based on the successive change in the values of phase currents b and c, it is possible to determine when the opening occurs (0.08 s) as the instant before the change.
[image: Figure 9]FIGURE 9 | Clarke comments on the sending end currents at OCFs.
Second, the values of the Clarke components in Figure 10 are shown when the OCSE/EFRE occurs at 130 miles from the sending end. In this figure, aerial mode 1 has a negative sign at the opening instant of the conductor (0.08 s), and its sign is still negative at the instant of a down conductor (0.16 s). When phase a touches the ground, one can notice that the current value of phase a remains at its minimum value, which reaches 331.3 A after opening the same phase a. In addition to the high value of phase current b (2667 A), compared to its exact value after opening phase a, as in the OCF case, phase c also causes a decrease in its current value to 1,310 A compared to its exact value after opening phase a. The high value of phase current b makes aerial mode 2 have a positive sign at the open conductor instant (0.08 s). Its value increases at the down conductor instant (0.16 s). The grounding mode has a positive sign, and its value slightly increases at the down conductor instant. Furthermore, based on the change in the values of phase currents b and c, it is possible to determine when the conductor was down (i.e., before this change). Third, the values of the Clarke components for OCRE/EFSE occurring at 130 miles from the sending end are shown in Figure 11 based on the values of the three-phase currents. As seen in this figure, the sign change from negative to positive for aerial mode 1 is caused by increasing the value of phase current a at the contact with the ground instant, which reaches 3,678 A, decreasing the value of phase current b (reaches 1,226 A) and increasing the value of phase current c, which reaches 2,844 A. Furthermore, aerial mode 2 has a positive sign at the open conductor instant (0.08 s) and changes to a negative sign at the down conductor instant (0.16 s). In comparison, the grounding mode has a positive sign, instantly increasing its value at the down conductor. On the other hand, the LIF was examined as a simulated case to state that the case is considered simple from the point of view of protection systems, giving a high fault current value.
[image: Figure 10]FIGURE 10 | Clarke comments on the sending end currents at OCSE/EFRE.
[image: Figure 11]FIGURE 11 | Clarke comments on the sending end currents at an OCRE/EFSE.
Fourth, the values of the Clarke components are shown in Figure 12 for a condition of LIF happening at 130 miles away from the sending end. Aerial mode 1 has a positive sign at the LIF instant, and aerial mode 2 has a negative sign at the same instant. The grounding mode, however, has a positive sign, and its value increases at the LIF instant. The signs of Clarke components are caused by increasing the phase current reaches 3,703 A for phase a, 2,021 A for phase b, and 2,325 A for phase c after the LIF instant.
[image: Figure 12]FIGURE 12 | Clarke comments on sending end currents at the LIF.
Fifth, for a HIF occurring at 130 miles away from the sending end, the Clarke components values are given in Figure 13.
[image: Figure 13]FIGURE 13 | Clarke comments on sending end currents at the HIF.
In most cases, aerial modes 1 and 2 have a positive sign at the HIF. The value of the grounding mode increases at the moment of a HIF and has a positive sign at 0.16 s. These signs are caused by increasing the three-phase currents after the HIF instant (reaches 2,166 A).
5 ASSESSMENT OF THE PROPOSED FAULT DETECTION, IDENTIFICATION, AND FAULT CLASSIFICATION SCHEMES AND OTHER SCHEMES PRESENTED IN THE LITERATURE
The suggested fault detection, identification, and fault classification scheme’s behavior was verified distinctly by comparing it with the discrete wavelet transform (DWT)-based algorithm (Abd-Elhamed Rashad et al., 2020) through simulation results. First approximation A1 and first detail D1 coefficients are extracted from three-phase current signals and are examined to detect various OCFs and simultaneous earth faults.
The following are the stages followed for the detection and classification of faults:
For the three-phase current signals (ia, ib, and ic), apply single-level decomposition using db1 to obtain high-frequency components (D1: 50–100 kHz) and low-frequency components (A1: 0–50 kHz). Parameters are estimated at this stage using Eq. 8 expressions.
[image: image]
Here, n represents a sample demand in a sliding window covering a complete cycle, and N is the total number of samples in a process. Furthermore, one should calculate the highest absolute values of A1 for the three-phase current signals (Ma, Mb, and Mc) at sample k.
Using the mathematical formulas in Eq. 9, determine the absolute decomposed currents’ detail coefficients (Sa, Sb, and Sc) as follows:
[image: image]
Then, determine the differences in the absolute sum value for the three-phase current signals (Ha, Hb, and HC) as follows:
[image: image]
Next, determine the approximation coefficient ratios (Ra, Rb, and Rc) to detect OCFs.
[image: image]
Finally, if the following criteria are met, the OCF is declared confirmed.
None of the M values exceed the predetermined Mth value, as expressed in Eq. 12.
[image: image]
One of the H values is higher than the threshold value Hth and remains there for more than 20 ms, as expressed in Eq. 13.
[image: image]
One or more of the R ratios exceeds 1.
[image: image]
It must be emphasized that the predetermined values in this platform (Mth and Hth) are determined based on the pre-fault (Ma, Mb, and Mc) with no operator interference (Abd-Elhamed Rashad et al., 2020).
5.1 Cases studied
Distinctive fault types across the TL length were evaluated through various fault situations (locations, inception angles, and fault resistance values) to explain the efficacy of the suggested schemes in detecting simultaneous OCSE/EFRE and OCSE/EFRE. The cases can be organized as follows to detect and classify faults successively:
Case 1:. OCFs at different locations and fault time occurrence (inception angle ϕ in degrees).
Case 2:. OCRE/EFSE at different locations and fault time occurrence considering fault resistance effects.
Case 3:. OCSE/EFRE at different locations and fault time occurrence considering fault resistance effects.
Case 4:. LIF and HIF at a specific location and specific fault time occurrence considering fault resistance effects.
5.2 Response of fault detection, identification, and fault classification schemes
5.2.1 Simulation results: case 1
Two test scenarios in case 1 are studied to determine the proposed scheme’s ability to detect and classify faults correctly. First, we suppose an OCF occurring 13.8 miles from the sending end at a fault inception angle set to 0°. In this case, the values of Clarke components are presented in Table 1 for the transposed TL without the noise effect in the first row, the transposed line with noise effect in the first shadow row, the un-transposed line without noise effect in the third row, and the un-transposed line with noise effect in the second shadow row.
TABLE 1 | Results of OCF fault detection, identification, and fault classification using the proposed schemes for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 1]As shown in all previous tables, changing the fault location and ϕ has no effect on the results of the proposed scheme. Moreover, the suggested fault detection, identification, and classification schemes have identified all of them correctly.
The results of the DWT-based algorithm (Abd-Elhamed Rashad et al., 2020) in the same cases are also where the values of (Ma, Mb, and Mc), (Ha, Hb, and Hc), and (Ra, Rb, and Rc) are calculated in the four scenarios considered (the transposed line without noise in Table 2 in the first row, the transposed line with noise effect in the first shadow row, the un-transposed line without noise effect in the third row, and the un-transposed line with noise effect in the second shadow row.
TABLE 2 | Results of OCF fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 2]As shown in the previous results, fault detection time in the DWT-based algorithm is greater than that in the suggested proposed schemes.
5.2.2 Simulation results: case 2
The security of the proposed schemes was verified by changing the fault resistance values and fault locations; different fault inception angles were examined with OCRE/EFSE. In this case, the values of the Clarke components are presented in Table 3 for the transposed line with no noise in the first row, the transposed line with noise effect in the first shadow row, the un-transposed line without noise effect in the third row, and the un-transposed line with noise effect in the second shadow row.
TABLE 3 | Results of OCRE/EFSE fault detection, identification, and fault classification using proposed schemes for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 3]This table shows that changing fault locations, fault resistances, and fault inception angles does not affect the effectiveness of the proposed fault detection, identification, and fault classification scheme.
Similarly, the results of the DWT-based algorithm (Abd-Elhamed Rashad et al., 2020) in the same cases are presented. The values of (Ma, Mb, and Mc), (Ha, Hb, and Hc), and (Ra, Rb, and Rc) are calculated considering the four scenarios, as shown in Table 4, respectively. As shown in this table, Ma > Mth and Mc > Mth are unsatisfied, which was caused by small fault resistance values. In such cases, the DWT-based algorithm failed to detect this type of fault and can be considered insecure against small values of fault resistances.
TABLE 4 | Results of OCRE/EFSE fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 4]5.2.3 Simulation results: case 3
The proposed fault detection, identification, and fault classification schemes were examined considering OCSE/EFRE at different locations, inception angles, and fault resistance values. In this case, the values of Clarke components are shown in Tables 5 for the investigated scenarios, respectively. This table shows that changing fault locations, fault resistances, and fault inception angles does not affect the proposed fault detection, identification, and classification schemes.
TABLE 5 | Results of OCSE/EFRE fault detection, identification, and fault classification using the proposed schemes for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 5]Furthermore, as seen in Table 5, the signs of aerial modes 1 and 2 and ground mode are–ve, +ve, and +ve, respectively, at different fault locations, inception angle, and fault resistance values. Furthermore, the configuration of TL and noise impact does not affect the proposed fault detection, identification, and fault classification schemes. The DWT-based algorithm (Abd-Elhamed Rashad et al., 2020) was also examined as in the previous cases. The values of (Ma, Mb, and Mc), (Ha, Hb, and H), and (Ra, Rb, and Rc) are calculated for the four scenarios, as shown in Table 6.
TABLE 6 | Results of OCSE/EFRE fault detection, identification, and fault classification using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 6]The first two cases failed to detect the fault caused by small fault resistance values. Furthermore, the DWT-based algorithm takes more time to detect the fault than the proposed fault detection, identification, and classification schemes.
5.2.4 Simulation results: case 4
The proposed fault detection, identification, and classification schemes also examined faults, such as LIFs and HIFs, considering various locations, inception angles, and fault resistance values. In this case, the values of Clarke components for the investigated scenarios are shown in Table 7. As presented in this table, the proposed fault detection, identification, and fault classification schemes are accurately distinguished between LIFs and HIFs. The DWT-based algorithm was also examined for the same scenarios in this case. The values of (Ma, Mb, and Mc), (Ha, Hb, and Hc), and (Ra, Rb, and Rc) are calculated and presented in Table 8.
TABLE 7 | LIF and HIF fault detection, identification, and fault classification results using the proposed schemes for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 7]TABLE 8 | LIF and HIF fault detection, identification, and fault classification results using the DWT-based algorithm for the considered transposed and un-transposed lines with and without noise effect.
[image: Table 8]The tables show that the DWT-based algorithm provided good discrimination between LIFs and HIFs. However, the DWT-based algorithm took considerable time for fault detection compared to the proposed fault detection, identification, and classification schemes.
5.3 Generalization of the proposed schemes
The proposed fault detection, identification, and fault classification schemes can also be generalized for any transmission system. Figure 14A shows the single-line diagram of 400 kV, 144 km TL simulated in the ATP/EMTP program. The ATPDraw software is an interface to implement the system (Prikler and Høidalen, 2009). This TL model is a benchmark in the ATPDraw software, and it is represented using the three-phase JMARTI frequency dependence model in the ATPDraw field using the line/cable module (Prikler and Høidalen, 2009). The JMARTI representation is a frequency-fitted model in a specific frequency range. The JMARTI model is utilized to apply the simulated line and, therefore, take waveforms for the fault case in evaluating the proposed schemes. For simultaneous series and shunt earth fault detection and classification using Clarke transform for TLs under different fault scenarios, the line parameters have been extracted, and results show that the self-impedance of this line, for a length of 144 km, is 0.3382 + j1.6009 Ω, while that of the mutually linked one is 0.3282 + j 0.8493 Ω, according to the retrieved line parameters. Using a mutually linked RL circuit, Thevenin’s equivalent impedance at buses S and R are expressed as R1 = 1.0185 Ω and L1 = 50.929 mH, and zero sequences are R0 = 2.037 Ω, L0= 101.85 mH at bus S and R1 = 0.6366 Ω, L1 = 31.83 mH, R0= 1.2732 Ω, L0= 63.66 mH at bus R. The TL configuration is illustrated in Figure 14B, where the dc resistance is 0.0522 Ω/km, and the outer diameter of the conductor is 3.18 cm. The sky wires are solid, their dc resistance is 0.36 Ω/mile, and the outer diameter is 1.46 cm. The resistivity of the soil is equal to 200 Ω. Similarly, a small error in simulation for 400 kV TL is found using system verification in the ATPDraw software program.
[image: Figure 14]FIGURE 14 | Single-line diagram of the second simulated TL system and the selected tower: (A) SLD; (B) tower configuration.
The proposed fault detection, identification, and classification schemes are also examined using another TL data, considering several fault types. In this case, the values of Clarke components for the investigated scenarios are shown in Table 9. In addition, the DWT-based algorithm was examined in the same scenarios, as shown in Table 10, where the values of (Ma, Mb, and Mc), (Ha, Hb, and Hc), and (Ra, Rb, Rc) were calculated. As presented in these tables, considering the OCRE/EFSE occurred, the values of Ma > Mth and Mc > Mth caused by small fault resistances were unmet. In addition, the values are Ha > Hth and Ra>1. Furthermore, the proposed fault detection, identification, and fault classification schemes provided precise fault detection, identification, and fault classification for the investigated types of faults.
TABLE 9 | Fault detection, identification, and fault classification results using the proposed schemes for the transposed and un-transposed lines with and without noise effect.
[image: Table 9]TABLE 10 | Fault detection, identification, and fault classification results using the DWT-based algorithm for transposed and un-transposed lines with and without noise effect.
[image: Table 10]The proposed schemes’ challenge is their performance if the current transformers’ saturation occurs. The current transformers must correctly provide the protection relays with the stepped-down fault current level. Proper means to detect current transformer saturation are essential for digital signal processing. Esmail et al. (2015) suggested an effective method for detecting current transformer saturation with a universal distinction index without a necessity for setting a definition. For this point, the instantaneous sample-based multiplication of the secondary current by its derivative is individually employed to distinguish between saturated and unsaturated wave portions.
Reconstructing the detected saturated secondary current is accomplished using Kalman filtering to obtain the phasor quantities of the unsaturated current portion professionally.
6 CONCLUSION
This study solves the challenge of detecting simultaneous earth faults in high-voltage transmission systems as traditional distance relays, for example, the inability to find or detect OCFs and simultaneous earth faults. The proposed schemes comprise two different stages: fault detection and identification and fault classification. The first proposed scheme needs communication links among both ends (sending and receiving) to detect and identify the fault. This communication link between both ends is used to send and receive three-phase currents’ magnitudes for sending and receiving ends in the proposed fault detection (PFD) unit at both ends. The second proposed scheme starts with proposed fault classification (PFC) units at both ends. The proposed classification technique applies the Clarke transform on local current signals to classify the open conductor and simultaneous faults. The sign of all current Clarke components is the primary key for distinguishing between all types of simultaneous LIFs and HIFs. Numerous simulation tests were investigated to analyze the performance of the suggested fault detection, identification, and classification schemes. In all scenarios, the fault type was accurately detected, identified, and classified within 20 mS after fault occurrence.
The security of the proposed schemes was also verified with different fault resistance values, and the suggested scheme provided precise fault detection, identification, and classification. The results demonstrated that fault detection, identification, and classification schemes are immune to fault types, locations, and inception angles. Furthermore, the suggested schemes detected both instants of the open conductor and down conductor. The developed scheme’s superiority was also validated through a comparison study with another published procedure based on discrete wavelet transform. No sophisticated artificial intelligence techniques were required to detect, identify, and classify the faults accurately. Also, the proposed fault detection, identification, and fault classification schemes have low mathematical requirements. It should be mentioned that the Clarke transform was used with a low sampling frequency in this work; hence, the suggested fault detection, identification, and classification approaches are guaranteed to be promising schemes that can be implemented in practice. Finally, other applications of the proposed schemes in series compensated transmission lines will be investigated in future works.
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