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A single-end fault location method for single-phase nonmetallic grounding faults of transmission lines in a double terminal system is studied and proposed. First, the reason for the poor accuracy of the single-end fault location method in case of single-phase nonmetallic grounding faults is analyzed theoretically, and the necessary conditions for the single-end accurate fault location are put forward. Second, under the necessary conditions of the single-end accurate fault location, according to the topology of fault component networks, the calculation method of the single-end accurate fault location of transmission lines in a double terminal system is studied. Moreover, the influence of line capacitance is considered in this fault location method, and a simple expression for calculating the fault distance is obtained. Finally, the transmission line with a single-phase nonmetallic grounding fault is modeled in PSCAD; therefore, the correctness and the ability against transition resistance of the new single-end fault location method are verified by simulation.
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INTRODUCTION
In the operation of power systems, most faults occur in transmission lines; therefore, timely repair after line faults is the key to ensure the reliability of power supply. Accurate fault location can quickly locate the fault point, effectively reduce the burden of line inspection, and speed up the restoration of power supply. According to the source of fault information, the existing fault location methods for transmission line can be classified into two main types: the double-end fault location and the single-end fault location. In principle, the double-end fault location can eliminate the influence of transition resistance, which results in the advantages of a simple algorithm and high positioning accuracy; however, there also exist limitations such as data transmission depends on communication and some algorithms need data synchronization. However, the single-end fault location has the advantages of no communication impact and no need of data synchronization, which means the single-end fault location is of irreplaceable value in certain cases of power grids. According to the principle of fault location, the single-end fault location can be divided into the traveling wave method and the impedance method. The single-end fault location method using line impedance to calculate fault distance is widely used in power systems. However, in case of a fault with the existence of transition resistance, the single-end fault location method using the impedance method cannot directly calculate the fault distance in principle, which causes the poor accuracy of the single-end fault location in a nonmetallic fault; thus, the existence of transition resistance has become the biggest problem affecting the accuracy of the single-end fault location method. Therefore, it is of great practical value to theoretically analyze the reasons for the poor accuracy of the single-end fault location in the presence of transition resistance, find the necessary conditions for the single-end accurate fault location, and study and propose a new single-end accurate fault location method (Apostolopoulos and Korres, 2011; Bains and Zadeh, 2015; Fei et al., 2015; Ghorbani and Mehrjerdi, 2020; Kawady and Stenzel, 2003; Li et al., 2020; Wang and Chen, 2021; Wang et al., 2021; Xu and Zhang, 2015).
Experts around the world have done some research on the single-end fault location method in case of nonmetallic grounding faults in transmission lines. He et al. (2018) proposed an improved single-end fault location method which makes use of the electrical quantity at one end and the single-end fault location results at the other end so as to improve the accuracy of the fault location. However, this method depends on communication technology and needs to compare the location information at both ends of the line. Aboshady et al. (2019) proposed a fault location method based on single-end impedance and broadband frequency analysis. In this method, the fault is regarded as a high-frequency component voltage source injected into the system so as to solve the influence of transition resistance. Moreover, using the third-order Taylor expansion of the transmission line equation, a third-order polynomial about the fault distance x is obtained at the fault point, and the fault distance x is calculated by iterative solution. However, when the fault distance x is solved by iteration, it is not proved that the iterative algorithm must be convergent from the mathematical principle. Jia et al. (2013) proposed a single-end fault location method based on impedance measurement, which includes iterative estimation of voltage before a fault and the least square curve fitting. The algorithm provides fast and accurate fault location by comparing the calculated line reactance between the fault point and the measurement point with the known line reactance. However, the algorithm does not consider the influence of line capacitance on fault location and thus cannot be applied to the lines with large capacitance parameters. Patynowski et al. (2015) proposed a fault location method based on synchronized phasor. The solution includes three algorithms for different fault types. These algorithms calculate by using synchronized information to solve the problem of the large ranging error for fault location when there exists transition resistance. However, due to the use of synchronized phasor, additional clock synchronization of data through Ethernet or radio is required; that is, the fault location algorithm will depend on communication. Bains et al. (2017) proposed an improved fault location algorithm based on the impedance method for double circuit transmission lines. The algorithm eliminates the transition resistance by constructing the KVL equation of double circuit lines in a fault negative-sequence network and obtains the equation containing the fault distance. However, the algorithm cannot eliminate the influence of the negative-sequence internal impedance of the opposite system. When the negative-sequence internal impedance of the opposite system changes greatly, the accuracy of the algorithm will be reduced. Taheri et al. (2020) proposed a fault location algorithm based on a fault sequence component network for series capacitor–compensated transmission lines. The algorithm reads the data at the speed of 1 kHz, uses the formula to solve 61 fault distances in the generated 61 data windows, then eliminates the fault location results with low probability of occurrence, and takes the harmonic average of the remaining ranging results as the final fault location results. However, when the algorithm produces the final fault location results, it depends on the selection of eliminated data and cannot directly calculate the fault location results accurately.
The above references do not indicate the fundamental reason why the single-end fault location method cannot calculate the accurate fault distance when there exists transition resistance. Therefore, based on the analysis of existing methods, this work first studies the necessary conditions for the single-end accurate fault location method in case of the single-phase grounding fault through transition resistance of transmission lines. Second, based on the necessary conditions of the single-end accurate fault location and the equivalent circuit structure of the fault component network, a new method is studied in order to realize the single-end accurate fault location in the presence of transition resistance, and the influence of line capacitance on fault location is also considered. Finally, the correctness and the ability against transition resistance of the proposed new method are verified by simulation.
THE PRINCIPLE OF SINGLE-END FAULT LOCATION AND THE NECESSARY CONDITIONS FOR ACCURATE RANGING
The schematic diagram of single-phase nonmetallic grounding fault of the double terminal system transmission line studied in this work is shown in Supplementary Figure S1. There are an M-side equivalent system and an N-side equivalent system on both sides of the transmission line. Take the electrical quantity at the M-side as an example for single-end fault location, and the set point m as the electrical quantity measurement point. The total length of the line is l km, and A-phase grounding fault passing through the transition resistance [image: image] occurs on the line at the point that is x km away from the M-side system.
Among them, [image: image]is the unit self-impedance per kilometer of the line. There is a coupling relationship between lines, which is represented by the coupled wave line in the figure, and the unit mutual impedance per kilometer of lines is set as [image: image].
[image: image] and [image: image] are the voltages of the three phases A, B, and C, respectively, of the M-side and N-side systems. [image: image]and [image: image] are the respective positive-sequence internal impedance of the M-side and N-side systems, and the zero-sequence internal impedance of the M-side and N-side systems is, respectively, set as [image: image] and [image: image]. If the neutral point equivalent ground impedance [image: image] and [image: image] of the M-side and N-side systems shown in Supplementary Figure S1 are used to reflect the zero-sequence impedance of the M-side and N-side systems, the calculation method will be as shown in (Eq. 1) and (Eq. 2).
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In order to eliminate the influence of load currents under fault conditions, the fault component is used to study the fault location method (Zhang et al., 2006). The fault component network in the additional fault state in case of A-phase nonmetallic grounding faults is established by fault state decomposition, as shown in Supplementary Figure S2.Here, [image: image]and [image: image] (i = A, B, C) are, respectively, the voltage change and the current change at the measuring point after faults. According to the superposition theorem satisfied by the linear circuit, the expressions are shown in (Eq. 3) and (Eq. 4), respectively.
[image: image]
[image: image]
where [image: image]and [image: image] are the measured voltages of phase i at the measuring point m, respectively, after and before the fault; [image: image]and [image: image] are the measured currents of phase i at the measuring point m, respectively, after and before the fault (i = A, B, C). Since the electrical quantity at the point m before and after the fault can be measured, the voltage change and current change are known. At the same time, it can be found from Supplementary Figure S2 that the B-phase line is connected in parallel with the C-phase line, so the voltage at both ends of the B-phase line and the C-phase line is equal. Since the parameters of the B-phase line and the C-phase line are the same, the current flowing through the B-phase and C-phase lines should also be equal, that is, the current and voltage relationships shown in (Eq. 5) and (Eq. 6) should be satisfied.
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In this study, only the steady-state fault component is applied in the calculation process. Therefore, the grounding fault branch with transition resistance can be equivalent to a power frequency constant current source [image: image], with its current direction being from the fault grounding point to the fault component network, and [image: image] is the voltage on both sides of the constant current source. By combining the three grounding points in Supplementary Figure S2 into one grounding point, the equivalent circuit of the fault component network can be obtained, as shown in Supplementary Figure S3. Here, [image: image] is the A-phase current from the fault point to the system on side N, and [image: image] is the current flowing through the equivalent ground impedance of the neutral point of the N-side system. It can be seen from Supplementary Figure S3 that there are four meshes in the equivalent simplified circuit. According to the mesh current law, four independent loop current equations can be listed in theory. Therefore, four independent circuits l1 = b1b3b6, l2 = b2b3b6, l3 = b4b6, and l4 = b5b6 are selected as follows to write the loop current equation, as shown in (Eq. 7).
[image: image]
By observing the equations shown in (Eq. 7) and combining the current voltage relationship between phase B and phase C shown in (Eq. 5) and (Eq. 6), it can be found that Eq. 3 is linearly related to Eq. 4. This shows that although the equivalent circuit diagram contains four meshes, due to the particularity of parameters, it can only write three independent loop current equations. The equations contain five unknown quantities: [image: image] is the voltage on both sides of the constant current source; [image: image] is the current of the constant current source; [image: image] is the positive-sequence internal impedance of the system on side N; [image: image] is the equivalent ground impedance of the neutral point of the system on side N; and x is the fault distance.
According to the theory of solving equations in mathematics, the fault distance x cannot be solved because the number of unknown quantities is more than the number of independent equations, which is the fundamental reason why the single-end fault location method cannot achieve accurate fault location in the case of single-phase nonmetallic grounding faults.
It can be seen that if you want to use the single terminal quantity for accurate calculation of fault distances in case of single-phase nonmetallic grounding faults, you also need to know two of the four unknown quantities [image: image], [image: image], [image: image], and [image: image]. This is not only a necessary condition for solving the equation group (Eq. 7) but also a necessary condition for the single-end accurate fault location. Since the unknown quantities [image: image] and [image: image] are related to the fault type and fault location, they cannot be estimated. Therefore, only when the positive-sequence internal impedance [image: image] and the neutral point equivalent ground impedance [image: image] of the N-side system are obtained, the accurate solution of the fault distance x can be realized theoretically.
According to the operation knowledge of power systems, the positive-sequence internal impedance [image: image] of the N-side system is related to the operation mode of the system, and the neutral point equivalent ground impedance [image: image] of the N-side system is related to the grounding of transformer neutral points under different operation modes of the system. In the actual operation process, the operation state of the system will not change frequently, so the method of obtaining the impedance values of variables [image: image] and [image: image] according to the system operation state before a fault is feasible. That is, when the normal operation and operation mode of the system change, the internal impedance of the N-side system can be sent to the ranging device to participate in the calculation of the fault distance x as a known parameter. Through the above analysis, from the theoretical level, the necessary condition for the single-end accurate fault location is to know the positive-sequence internal impedance [image: image] and the neutral point equivalent ground impedance [image: image] of the N-side system.
SINGLE-END ACCURATE FAULT LOCATION METHOD
Single-End Accurate Fault Location Method Without Considering Line Capacitance
It can be seen from the analysis in Section 1 that when the necessary conditions for the single-end accurate fault location are met, that is, when the positive-sequence internal impedance [image: image] and the neutral point equivalent ground impedance [image: image] of the N-side system are known, the fault distance x can be accurately solved by the single-end fault location method. Therefore, this section will deduce the single-end fault location formula on the premise of knowing the internal impedance of the N-side system.
Eqs 2–4 in the equation group shown in (Eq. 7) constitute the phasor equation of the three-phase ABC. Therefore, the phasor equation can be converted into a sequence equation by using the phase sequence transformation formula (Yi et al., 2005) shown in (Eq. 8).
[image: image]
where [image: image], [image: image], and [image: image], respectively, represent the positive-sequence, negative-sequence, and zero-sequence components, and [image: image], [image: image], and [image: image], respectively, represent phasor components of phase A, phase B, and phase C, and [image: image].
Through the processing of phase sequence transformation formulas, the equation group composed of a positive-sequence equation and a zero-sequence equation can be obtained, as shown in (Eq. 9).
[image: image]
Meanwhile, the relationship between the unit positive-sequence impedance [image: image] or the unit zero-sequence impedance [image: image] of the line and the unit self-impedance as well as the mutual impedance of the line satisfies the equation shown in (Eq. 10):
[image: image]
By introducing (Eq. 10) into (Eq. 9), the equations shown in (Eq. 11) can be obtained:
[image: image]
The expression of [image: image] can be obtained from the positive order equation in (Eq. 11), as shown in (Eq. 12):
[image: image]
Next, (Eq. 12) is brought into the zero-sequence equation in (Eq. 11) and simplified to obtain the expression of the fault distance x, as shown in (Eq. 13):
[image: image]
where the expression of the parameters k1–k4 is shown in (Eq. 14):
[image: image]
It can be seen from (Eq. 13) that the voltage and current of the positive sequence and zero sequence in the equation can be obtained by the phase sequence transformation from the voltage and current variations of each phase measured at the measuring point. The total length l of the line, the positive-sequence impedance [image: image], and the zero-sequence impedance [image: image] per unit length of the line can be measured when the transmission line is put into operation. As a necessary condition for solving the fault distance, the variables [image: image] and [image: image] need to be sent to the ranging device by the N-side system.
Through the above analysis, it can be seen that under different fault conditions, the parameters k1–k4 in (Eq. 13) are known quantities in the plural form; thus, the solution of the fault distance x is actually the ratio obtained by dividing two known plural numbers. Due to certain measurement and calculation errors, the fault distance x obtained by plural division is generally in the plural form. Therefore, the modulus of the fault distance x in the plural form is taken as the final ranging result, as shown in (Eq. 15).
[image: image]
In the fault distance calculation formula (Eq. 15) obtained according to the above derivation processes, the capacitance parameters of the transmission line are not considered. When the capacitance parameters of the transmission line are small, the ranging error is very slight, and the above equation can be established. However, when the capacitance parameters of the transmission line are large in case of selecting the cable as the transmission line, the accuracy of the fault distance calculated by (Eq. 15) may be poor. Therefore, the single-end fault location method considering the transmission line capacitance parameters is studied as follows.
Single-End Accurate Fault Location Method Considering Line Capacitance
Since the capacitance parameters of overhead lines are small, it is not necessary to consider the line capacitance for overhead transmission lines; however, for cable lines, the phase-to-ground capacitance parameters are large and contain no phase-to-phase capacitance. Therefore, only when the cable is used as the transmission line, the influence of the phase-to-ground capacitance for the single-end fault location method needs to be considered.
The transmission system equivalent model consistent with Supplementary Figure S1 is adopted. When considering the phase-to-ground capacitance of the cable transmission line, the [image: image]-type equivalent model of the transmission line is adopted, and the equivalent circuit diagram in case of the A-phase nonmetallic grounding fault is shown in Supplementary Figure S4.
As shown in Supplementary Figure S4, [image: image] represents the phase-to-ground capacitance per unit length of the cable transmission line, and the value of the phase-to-ground capacitance of the line after [image: image]-type equivalence is shown in the figure, and the definitions of other physical quantities in Supplementary Figure S1 remain unchanged. The current generated on the equivalent phase-to-ground capacitance of the cable transmission line is shown in equation (Eq. 16), where [image: image] is the angular frequency.
[image: image]
As shown in (Eq. 16), it can be seen that the cable transmission line will generate six phase-to-ground capacitive currents after [image: image]-type equivalence. Except the capacitive current [image: image] on the A-phase cable transmission line on the N-side, the other phase-to-ground capacitive currents can be calculated by using the line parameters and measured quantities in (Eq. 16). Since the phase-to-ground capacitive current [image: image] contains variables [image: image] and x, it cannot be obtained only by cable line parameters and measurements. Therefore, it is necessary to use (Eq. 12) and (Eq. 15) in Section 2.1 to solve the values of [image: image] and x when the line capacitance is not considered and bring them into (Eq. 16) as approximate accurate values to obtain the value of the phase-to-ground capacitive current [image: image]. Through the above solution process, the 6 phase-to-ground capacitive current values thus can be obtained.
According to the circuit equivalence method in Section 1, the equivalent circuit of fault component network when considering the phase-to-ground capacitance of the cable transmission line is shown in Supplementary Figure S5.
According to the experience in writing equations in Section 1, the circuits l1 = b2b3b6, l2 = b4b6, and l3 = b5b6 are selected to write the loop current equation in the form of the three-phase ABC phasor, as shown in (Eq. 17).
[image: image]
where [image: image] is the sum of the 6 phase-to-ground capacitive currents generated after [image: image]-type equivalence of the cable transmission line, as shown in (Eq. 18).
[image: image]
Similarly, according to the phase sequence transformation formula shown in (Eq. 8) and the line impedance relationship shown in (Eq. 10), the equations composed of the positive-sequence and zero-sequence equations can be obtained from (Eq. 17), as shown in (Eq. 19).
[image: image]
where [image: image] and [image: image] as well as [image: image] and [image: image] are the positive-sequence and zero-sequence phase-to-ground capacitive currents, respectively, at the M-side as well as at the N-side, and their expressions are shown in (Eq. 20):
[image: image]
The expression of [image: image] can be obtained from the positive order equation in (Eq. 19), as shown in (Eq. 21):
[image: image]
Next, (Eq. 21) is brought into the zero-sequence equation in (Eq. 19) and then simplified to obtain the expression of the fault distance x, as shown in (Eq. 22).
[image: image]
where the expression of parameters h1–h4 is shown in (Eq. 23):
[image: image]
It can be seen that all variables in the equation are known quantities through (Eq. 22) and the analysis in Section 2.1; thus, the known quantities with all of the parameters h1–h4 being in plural forms can be obtained under different fault conditions. Similarly, the fault distance x can be obtained after taking the modulus value, as shown in (Eq. 24):
[image: image]
When calculating the phase-to-ground capacitive current [image: image], there is an error in theory since the values of [image: image] and x are used in the case that the line capacitance is not considered in Section 2.1; therefore, the method of multiple iterations should be used to reduce the error. However, the method of only correcting once is adopted instead of multiple iterative calculations in order to reduce the amount of calculation and improve the ranging speed, and the calculation method of only correcting once can fully meet the accuracy requirements of ranging results according to the subsequent simulation results.
SIMULATION VERIFICATION OF SINGLE-END FAULT LOCATION METHOD
In this study, the PSCAD simulation software is used to verify the fault location method, and the respective power parameters of the M-side and N-side of the three-phase symmetrical system are set, as shown in Table 1.
TABLE 1 | Power parameters of the M-side and N-side.
[image: Table 1]A double terminal system, as shown in Supplementary Figure S1, is built in PSCAD, and the overhead line model and cable model are, respectively, selected as the transmission lines so as to verify the proposed single-end accurate fault location method.
First, the transmission line is set as an overhead line with a total length of 300 km, the Bergeron model is adopted, and the line parameters are input by geometric parameters. The parameter values of the unit positive-sequence impedance [image: image], the unit zero-sequence impedance [image: image], and the unit phase-to-ground capacitance [image: image] of the overhead line generated at 50 Hz by the line constant program are shown in (Eq. 25):
[image: image]
Next, the transmission line is replaced with a cable, the total length of the line is set as 50 km, the Bergeron model is adopted, and the line parameters with geometric parameters are input. The respective parameter values of the unit positive-sequence impedance [image: image], the unit zero-sequence impedance [image: image], and the unit phase-to-ground capacitance of the cable line at 50 Hz generated by the line constant program are shown in (Eq. 26):
[image: image]
The A-phase nonmetallic grounding faults are set at distances of 50, 150, and 250 km from the overhead transmission line to the M-side system and at distances of 10, 25, and 40 km from the cable transmission line to the M-side system, with transition resistances of 100[image: image], 200[image: image], and 300[image: image], respectively.
According to the measured data of the measuring point, the three-phase voltage and current variations of the M-side can be obtained under different fault distances and transition resistances. Combined with the line parameters of overhead lines and cables, the fault distance x is calculated by, respectively, using the ranging formula (Eq. 15) without considering the capacitance and the ranging (Eq. 24) considering the capacitance to verify the correctness of the single-end accurate fault location method. The calculation formulas for defining the absolute error [image: image] and the relative error [image: image] are shown in (Eq. 29):
[image: image]
where [image: image] is the calculated fault distance solved by the ranging formula, [image: image] is the actual fault distance, and l is the total length of the transmission line.
For overhead transmission lines, the fault distances and error rates obtained under different transition resistances and different actual fault positions can be calculated by using the ranging formula (Eq. 15) without considering the capacitance of the overhead lines, as shown in Table 2.
TABLE 2 | Error table for calculation of overhead line fault distance.
[image: Table 2]It can be seen from Table 2 that the maximum relative error of the ranging results is 1.33% because the capacitance parameters of the overhead line model are small; thus, the ranging results calculated by using the ranging formula (Eq. 15) without considering the capacitance of the overhead line can be of great accuracy. This shows that the ranging formula (Eq. 15) is correct and of great accuracy with a strong ability against transition resistances when the transmission line capacitance is small.
We also simulate overhead transmission lines with different line lengths from 200 to 500 km. According to the simulation results, the fault location formula (Eq. 15) without considering the line capacitance parameters can achieve accurate location within the range of line length not exceeding 400 km. Although the fault location accuracy decreases with the increase in the line length, the relative errors of all fault location results are within 2%. The correction effect of the fault location (Eq. 24) considering line capacitance is not obvious when the length of the overhead line exceeds 200 km, and with the increase in the line length, the accuracy of the location result of (Eq. 24) is even lower than that of (Eq. 15). Because the line model is the [image: image]-type equivalent lumped parameter model, the distribution parameter effect is more obvious when the line length is long, and that is the reason why the fault location error of (Eq. 24) grows larger and larger with the increase in the line length.
For cable transmission lines, the fault distances and error rates are calculated by using the ranging formula (Eq. 15) without considering the cable line capacitance. The fault distances and error rates are shown in Table 3 under different transition resistances and different actual fault positions.
TABLE 3 | Error table for calculation of cable line fault distance.
[image: Table 3]It can be seen from Table 3 that the maximum relative error of the ranging results is 29.97%, which is due to the large phase-to-ground capacitance parameters of the cable line model and the calculation by using the ranging formula (Eq. 15) without considering the cable line capacitance parameters. Therefore, the influence of the capacitance current must be considered when the capacitance parameter of the transmission line is large. In this case, the error of the ranging formula (Eq. 15) is significant.
For cable transmission lines, the fault distances and error rates are calculated by using the ranging formula (Eq. 24) considering the phase-to-ground capacitance of cable lines. The fault distances and error rates are shown in Table 4 under different transition resistances and different actual fault positions.
TABLE 4 | Error table for calculation of cable line fault distance.
[image: Table 4]It can be seen from Table 4 that the maximum relative error of ranging results is reduced from 29.97% to −1.62%; that is, the accuracy of ranging results has been greatly improved after considering the phase-to-ground capacitance of the cable line. This shows that when the phase-to-ground capacitance of the transmission line itself is large, the fault distance needs to be calculated by using the ranging formula (Eq. 24) considering the phase-to-ground capacitance, which can effectively improve the ranging accuracy with a strong ability against transition resistances.
We also simulate cable lines with different line lengths from 50 to 100 km. According to the simulation results, the fault location results of (Eq. 15) without considering the line capacitance parameters have large fault location errors for the cable line under the above length range. The fault location results of (Eq. 24) considering the line capacitance can accurately locate the fault when the cable line is no more than 100 km. The relative errors of all fault location results are within 2%.
CONCLUSION
This work studies a new method of the single-end fault location for single-phase grounding faults of the transmission lines passing through transition resistances, puts forward the necessary conditions and the accurate location method of the single-end accurate fault location, and solves the problem of poor accuracy of the single-end fault location in principle. The simulation results show that the single-end accurate fault location method proposed in this study really has sufficient accuracy and a strong ability against transition resistances, and the advantages are as follows:
1) This study deeply analyzes the single-end fault location method as well as the reasons for the low accuracy of the single-end fault location from the principle level and creatively puts forward the necessary conditions for the single-end accurate fault location method. That is, the positive-sequence internal impedance [image: image] and the neutral point equivalent impedance to ground [image: image] of the N-side system shall be known.
2) By using the [image: image]-type equivalent model of the transmission line, the ranging formula without considering the line capacitance parameters is modified, the influence of the transmission line capacitance parameters on the ranging results is effectively solved, and the ranging accuracy of the single-end fault location method for the cable lines is improved.
3) The phasor equations are transformed into positive-sequence and zero-sequence equations using the phase sequence transformation formula. A simple single-end accurate fault location formula with certain duality law is obtained with the use of the simplified calculation, which improves the practicability of this ranging method.
4) The fault location formula (Eq. 15) without considering the line capacitance parameters should be used for overhead line fault location. The fault location (Eq. 24) considering line capacitance should be used for cable line fault location.
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