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Abstract

:

Distribution networks transmit electrical energy from an upstream network to customers. Undesirable circumstances such as faults in the distribution networks can cause hazardous conditions, equipment failure, and power outages. Therefore, to avoid financial loss, to maintain customer satisfaction, and network reliability, it is vital to restore the network as fast as possible. In this paper, a new fault location (FL) algorithm that uses the recorded data of smart meters (SMs) and smart feeder meters (SFMs) to locate the actual point of fault, is introduced. The method does not require high-resolution measurements, which is among the main advantages of the method. An impedance-based technique is utilized to detect all possible FL candidates in the distribution network. After the fault occurrence, the protection relay sends a signal to all SFMs, to collect the recorded active power of all connected lines after the fault. The higher value of active power represents the real faulty section due to the high-fault current. The effectiveness of the proposed method was investigated on an IEEE 11-node test feeder in MATLAB SIMULINK 2020b, under several situations, such as different fault resistances, distances, inception angles, and types. In some cases, the algorithm found two or three candidates for FL. In these cases, the section estimation helped to identify the real fault among all candidates. Section estimation method performs well for all simulated cases. The results showed that the proposed method was accurate and was able to precisely detect the real faulty section. To experimentally evaluate the proposed method’s powerfulness, a laboratory test and its simulation were carried out. The algorithm was precisely able to distinguish the real faulty section among all candidates in the experiment. The results revealed the robustness and effectiveness of the proposed method.
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1. Introduction


Electricity distribution networks are mainly responsible to transfer electricity from the upstream network (transmission networks) to domestic, commercial, or small industry customers, with good quality. Conditions and events such as the depreciation of distribution network equipment (lines, insulators, etc.) and unfavorable weather conditions such as lightning, falling trees, or external objects on the network lines, cause faults and consequently lead to inevitable power outages [1]. Therefore, faults may occur in the distribution network with different resistances and types (single-, two-, three-phase to ground fault) at different locations of the network, based on the fault circumstances and conditions [2]. On the other hand, power outages cause customer dissatisfaction, financial losses, and reduced reliability. Hence, it is necessary to provide a method that can quickly and accurately locate fault points in the distribution network, independent of its conditions. FL methods are mainly a part of the following categories:




	
Traveling wave-based methods [3]



	
Intelligent methods [4]



	
State estimation-based methods [5]



	
Impedance-based methods [6]








Traveling wave-based methods apply high sampling-rate devices and the speed of the wave in the electricity line to determine the fault point in the network. A comprehensive review of traveling wave-based FL algorithms for power networks, with the high-penetration distributed generations is presented in [7]. In [8], a traveling wave-based FL algorithm is presented for distribution networks, which employ decomposition of the variational mode and the operator of Teager energy.



First, before fault occurrence, according to the network topology and the characteristic of the wave scattering, the inherent distance difference matrix is created. After a fault occurs, a new fault distance difference matrix is generated with the help of fault traveling waves arrival time and double-ended traveling wave algorithm. To completely support all sections of the network, it is vital to install high sampling-rate devices at the end of all last sections of the network. This means that every single node that is connected to the network with only one line, needs a measurement. Note that in this method, all measuring devices must record the waveform of voltage and current. The method needs high sampling-rate devices.



The accuracy of the method may dramatically decrease for those networks with smaller distances between nodes because of the wave speed in the network. Many existing branches and sub-branches and junction points in the distribution network make the FL procedure a challenging task. Therefore, the authors of [9] proposed a new method to precisely locate the fault distance in multiple-branch distribution networks, by utilizing the traveling waves of the circuit breaker reclosure-generation. To calculate the distance of the fault, the reflected traveling wave arrival time of the fault point and the reclosing instant are employed. In this method, an offline data bank is used to distinguish the real location of the fault from the rest due to the fault occurrence possibility in the network branches and sub-branches. This data bank includes reclosure-generating traveling waves of fault for each section. After all possible sections are determined by the algorithm, the real fault wave is compared to all data bank waves. The most similar wave represents the real section of the fault. This method’s drawback is that it needs an accurate data bank, which decreases its application in the real-world distribution networks because of their uncertainty.



In [10], a new traveling wave-based method is presented to locate the grounding faults in the power system. The main idea comes from the difference between the time of arrival of the aerial and grounded mode traveling waves. The frequency-dependent ingredients of power systems consider the grounded mode waves as a variable and the aerial mode as a constant. The least-squares method is applied to solve the pre-determined quadratic function, which is created on the basis of the relation between fault distance and wave speed for each line, separately. The boundary of fault distance is calculated by comparing the minimum and maximum values of the grounded mode speeds. Afterward, the accurate location of the fault is determined using iterative calculation. This method needs high sampling-rate devices and has a higher complexity, as compared to the impedance-based methods.



In [11], a new FL method is proposed for a distribution network. The method uses a synchronized traveling wave detector. In this work, the effect of electrical network ingredients, on the propagation of the traveling wave is also investigated. This method needs a high sampling-rate synchronized device for satisfactory performance. A simple and applicable method is presented in [12] to locate faults in a multi-branch distribution network. This method uses traveling waves and their reflections of several independent and not necessarily synchronous measurements, which are located on a single end of a network. The DGs penetrations, multiple branches of distribution networks, and the arrival time errors adversely affect the FL methods. Therefore, in [13], a new clustering traveling wave-based FL method is presented to overcome such difficulty. An optimization model is defined for each section of the network, based on the traveling wave arrival time. The sum of the square error minimization function is introduced with respect to fault distance and wave velocity. The particle swarm optimization algorithm which is a population-based optimization method is utilized, because of the stochastic nature of the problem. The wide area traveling wave FL method is presented in [14]. This method has two steps for determining the area of fault and the accurate fault distance in the faulty domain using high sampling-rate synchronous measurements, which restricts its real-world application. In [15], an FL algorithm is presented, which applies the traveling wave–time frequency characteristics. The exact location of the fault could be computed using the location formula of the modulus wave speed difference. This method only locates single-phase ground faults.



Machine learning-based FL algorithms as a family member of intelligent methods are some highly popular procedures for determining fault points in distribution networks, with the least available information. In [16], the machine-learning application on fault classification and location in radial electrical networks is investigated. In this work, first, the recorded current signal is fed to a discrete wavelet transform decomposition for extracting the main features. Then a multi-layer perception (MLP) is utilized to detect if the fault has happened in the network or not. MLP is among the group of feed-forward artificial neural networks. In the next step, the fault is classified using MLP. Finally, by employing MPL or extreme learning machine (ELM), the location of fault is estimated. Note that, in this work, it is vital to train the models with rich enough data, which is extracted from the network, to obtain the accurate parameters of the models.



In [17], a new machine-learning-based approach is presented to locate the fault in the distribution grids, which uses decomposed upstream recorded current (by passing through wavelet transform) to collect applicable features. All collected data are fed to ELM for the learning process. Support vector regression and artificial neural network are also applied. The results revealed that ELM operates better in terms of performance and training time. This method is complex and needs rich enough data for the training step. In [18], an adaptive convolution neural network-based FL algorithm is proposed for a two-terminal distribution network. This method improves the ability of feature extraction and has a superior performance, as compared to the deep belief network.



In [19], a new artificial neural network-based FL method is presented for the radial distribution network. Pre- and post-fault current profiles are used to train an artificial neural network model to identify and locate short circuit faults. The main drawback of this method is that it needs to be trained at any circumstances of the network, which increases the complexity, and as a result lowers the accuracy. The authors of [20], have proposed a new FL method for identifying the faulty section of distribution grids, using Stockwell transform, to extract features from the fault currents. The features are fetched as inputs to several intelligent methods such as MLP-neural network, support vector machine, and ELM. The main parameters of intelligent methods have been optimized using a constriction factor particle swarm optimization algorithm. This method needs a data bank for the training process. Support vector machine as one of the most common machine learning methods is a strong tool for locating faults in distribution networks.



In [21], the support vector machine-based FL method has been presented for distribution grids that use discrete wavelet transform to convert the raw current signal for the feature extraction process. In [22], the faulty branch and fault distance are determined using the support vector machine and similarity matching methods. In [23], traveling-wave frequencies and ELM are employed to determine the location of a fault in the transmission line. First, the time-domain transient data of fault turn into the frequency domain for detecting the frequencies of the traveling wave. The initial location of the fault is estimated using this information. Finally, ELM is utilized to locate the accurate location of the fault.



State estimation-based FL methods are good options for avoiding the use of complex methods with heavy calculation burdens, which need a databank and accurate topology of network, with mostly known load values [24]. In [25], a new state estimation-based method was suggested for determining the location of a fault in a distribution network equipped with SMs. The FL procedure has been carried out by defining the concept of bad data as a location of the fault in the network—which can be considered to be a temporary load connected to the network—and determining its place with the use of weighting matrix bad data identification approach. This method is robust against measurements error and does not need the type of fault, but it needs adequate measuring devices in the network that make it fully observable. By advancing the technology, the use of phasor measurement units (PMUs) in the distribution networks has increased significantly.



In the recent research work [26], a new state-estimation-based FL method is proposed, which can detect and locate short circuit faults in active distribution networks. It uses the revised state estimation and pre-fault state estimation results, as well as the recorded post-fault voltage and current to detect the faulty section. The procedure consists of two main steps—the first step involves diagnosing the faulty zone and the second step involves detecting the fault section. This method as the work of [25], needs a specific number of measurements and is unable to locate the exact FL in the section. In [27], a new PMU-based state estimation method is presented to detect and identify the fault section of active distribution networks. In this method, the fault in the network can be detected using a real-time process. For the functionality of this method, it is vital to use adequate synchronous measurements in certain locations of the network to guarantee the network’s full observability. The faulty section can be specified by considering the faulty point as a floating bus and generating new parallel state estimators, using the augmented topology of the network. The state estimation-based FL method can also operate well under high penetration photovoltaic DGs [28]. Spare measurements can be useful for FL procedures.



In [29], a new iterative state-estimation-based method is presented to detect the faulty line. This method has two steps. First, it uses a state estimation method in an iterative manner to determine the nearest bus to the fault point. Second, by examining all connected sections to the identified node, the faulty section can be specified. In [30], a new state estimation wide-area FL is presented. This method can also identify the faulty phase and its type. A new extended and modified version of the state-estimation method with weighted least squares is used to decrease the effect of measurement error. High impedance faults have low fault current, which makes the FL procedure a challenging task. In [31], a state-estimation-based method is proposed for detecting and locating the high-impedance faults in the distribution networks. FL and fault detection formulation for both  π  and  T  line models are provided. In this work, it is necessary to have adequate measurement in the network.



Impedance-based methods use phase-domain recorded information, instead of time-domain ones, which makes the FL procedure more cost-effective than complex methods such as the intelligent and traveling wave methods. In [32], a new high-frequency impedance-based method is presented to locate a fault in the distribution networks. High frequency measuring components are used to avoid the effect of controlling systems on the FL procedure. This method needs enough measurements to support all sections of the network. Phase-domain information of fault current and voltage is used in impedance-based methods [33]. The authors of [34] proposed a new adaptive impedance-based method to locate faults in active distribution networks, using the recorded phase-domain voltage and current. The detailed model of distributed energy resources is used to accurately estimate its contribution to the fault current. In this work, a real faulty section cannot be identified in multi-lateral networks. Using the distributed line model of the network in FL procedure increases the accuracy and reduces the error percentage [35]. In [36], a new method is presented to locate faults in double circuit distribution networks. In this work, distributed line parameters are used to enhance the accuracy of FL. The recorded pre- and post-fault data at the substation are adequate for the FL procedure. Reference [37] presents a new improved impedance-based FL for distribution networks, using distributed line parameters (DLPs). Two types of fifth-order algebraic formulas are obtained for short circuit and phase to phase faults. This method only uses the substation recorded current and voltage and the accurate load value of each node. The proposed method may give several fault points for those networks, with many laterals. The same authors in [38], solve the drawback of [37] by proposing a new frequency spectrum analysis method to differentiate between the real FL and the remaining candidates. In [39], a new FL method is suggested for the smart distribution networks that utilizes present and historic recorded data of SMs as well as micro-PMUs. Since impedance-based methods need the load data of each node of the network, this work presents a new algorithm to estimate the load value at fault-time occurrences. Reference [17] also suggests a simple least square error-based section estimation method to determine the real location of fault among all candidates.



In this paper, a new impedance-based method is presented to determine the real fault section using SFMs data. The proposed method does not require high-resolution measurements, which is among the main advantage of the method. First, the last pre-fault recorded active and reactive power by SMs in the low voltage side of the network. Additionally, the recorded voltage and current at the substation are fed to a load-flow algorithm to determine the voltage of each node and subsequently load their impedance value. Then, the equivalent load impedance (ELI) at the end of each section is calculated, using the circuit theory and Ohm’s law. By running the FL algorithm, all possible solutions of FL are accomplished. Afterward, the proposed section estimation algorithm, which uses the post-fault recorded active power, detects the real section of the fault. After the protection relay detects a fault in the network, it sends a pulse to all SFMs to instantaneously record the active power of their connected lines. By comparing the recorded active power of all fault candidate sections, the largest value represents the real faulty section due to the fault current. To evaluate the effectiveness of the proposed method, several simulations have been performed on the IEEE 11-node test feeder with different conditions of fault types (single-, two-, and three-phase to ground), distances (section (3–9), (4–10), and (5–11)), resistances (0-, 20-, 50-, 100-ohm), and inception angles (0-, 30-, 70-, and 150-degree). To practically validate the proposed method’s robustness, a laboratory test is carried out. The rest of the paper is structured as follows. In the next section, the proposed method is presented in three subsections. Section 3 presents the simulation and experimental results and the conclusion is discussed in the last section.




2. The Proposed Methodology


This section presents the proposed FL method in three subsections. First, FL equations for both grounded and non-grounded faults are presented. Then, a subsection describes the calculation of ELI at the end of a section. In the last subsection, a new robust and cost-effective method is presented for determining the real faulty section among all candidate sections.



2.1. Fault Location Method


In this paper, the FL algorithm of [37] is utilized. This method only applies the recorded phase-domain current and voltage at the substation, network topology, line parameters, and each bus steady-state load data, to determine FL. The algorithm gives multiple solutions of FL for those networks with many branches and sub-branches. In this method, DLPs are employed to enhance the accuracy of the algorithm. Based on the fault’s type and the network sections modeling, applied data, and network type, two general formulas are obtained for each case of a fault (grounded faults such as single-phase, two-phase, and three-phase to ground faults or non-grounded faults, such as two- and three-phase to each other faults). In this method, the algorithm analyzes all sections to determine fault distance from the substation. Therefore, it is needed to obtain the input current and voltage of each section for the next steps of the algorithm. By calculating the voltage and current of the fault point in terms of the fault distance, fault type, DLPs, and some simple mathematical operations and simplifications, the following equations are derived for the FL problem in two cases of grounded and non-grounded faults.


  I m  (    ∑   m ∈ p    k  5 m   .  I s  .  I  F m  *   )  .  x 5  + I m  (    ∑   m ∈ p    k  4 m   .  V s  .  I  F m  *   )  .  x 4  + I m  (    ∑   m ∈ p    k  3 m   .  I s  .  I  F m  *   )  .  x 3  +  I m  (    ∑   m ∈ p    k  2 m   .  V s  .  I  F m  *   )  .  x 2  + I m  (    ∑   m ∈ p    k  1 m   .  I s  .  I  F m  *   )  . x + I m  (    ∑   m ∈ p    k  0 m   .  V s  .  I  F m  *   )  = 0  



(1)






  I m  {   (   k  5 a   −  k  5 b    )  .  I s  .  I  F a  *   }  .  x 5  + I m  {   (   k  4 a   −  k  4 b    )  .  V s  .  I  F a  *   }  .  x 4  + I m  {   (   k  3 a   −  k  3 b    )  .  I s  .  I  F a  *   }  .  x 3  +  I m  {   (   k  2 a   −  k  2 b    )  .  V s  .  I  F a  *   }  .  x 2  + I m  {   (   k  1 a   −  k  1 b    )  .  I s  .  I  F a  *   }  .  x 1  + I m  {   (   k  0 a   −  k  0 b    )  .  V s  .  I  F a  *   }  = 0  



(2)




where    V s    and    I s    are the recorded voltage and current at the substation. Fault current is calculated for each section using ELI at the end of each section, recorded data by the measurements located at the substation, and the SMs located in the low voltage. The algorithm analyzes each section of the network as a hypothetical faulty section, to see if the fault has occurred in that section or not.    I F *    is the calculated fault current from the substation to the hypothetical faulty section.  m  and  p  determine the fault types and the sets of phases (  a ,   b ,   and   c  ), respectively. For instance, a set   m =  {  a , c  }   , shows that phase  a  and phase  c  are connected with    R  a c     (as a phase fault resistance) to the ground with    R g   , which is the ground resistance. A set of six coefficient matrices (   k 0    to    k 5   ) that determine the effect of line parameters on the FL are defined in [37].



Equations (1) and (2) are used for grounded and non-grounded faults, respectively. Note that the calculated answers of these equations could be wrong or imprecise (for each section, the answer could be negative or less than the length of the analyzed section) due to the inaccuracy in load and fault current. Therefore, an iterative method is used to get the more precise solutions by updating the load and fault current in each iteration. To this end, after acquiring the first fault distance by (1) and (2), the voltage of the fault point should be updated using the following formula:


   V F  =  k 0  .  V s  +  k 1  x .  I s  +  k 2   x 2  .  V s  +  k 3   x 3  .  I s  +  k 4   x 4  .  V s  +  k 5   x 5  .  I s   



(3)







The calculated fault point voltage is used to update the load current and the current from the substation to the fault point, with the help of the determined fault distance, DLPs, and six coefficient matrices. The following equations are derived for updating the fault current:


   I L  =  [     (     (   Z L  − 1   +  Y ′  ×  (  l − x  )  / 2    )    − 1   +  Z ′  ×  (  l − x  )   )    − 1   +  Y ′  ×  (  l − x  )  / 2  ]  ×  V F   



(4)






   I D  =  k  I 0   .  I s  +  k  I 1   .  V s  . x +  k  I 2   .  I s  .  x 2  +  k  I 3   .  V s  .  x 3  +  k  I 4   .  I s  .  x 4  +  k  I 5   .  V s  .  x 5   



(5)






   I  F n   =  I D  −  I L   



(6)




where    I D   ,    I L   , and    I  F n     are input current from the substation to the fault point, the updated load current, and the new fault current, which is directly used in the FL equations.



In this method, to calculate the fault point current from the substation, it is vital to use each node load current and the ELI at the end of each section. The calculation of ELI at the end of each node is explained in the next part.




2.2. Equivalent Load Impedance Determination


The impedance-based FL algorithm needs the value of each bus load. In the smart grids, SMs are located in the low voltage side of the network to periodically record the quantity of the network for the vast majority of applications, such as energy management, demand response, prediction application, load forecasting, and FL procedure. SMs can record the active and reactive power of each consumer, including industrial clients, and residential and commercial buildings. Based on the properties of SMs, these measurements could send the recorded quantities to the database center, with different time intervals. In this study, it is assumed that the active and reactive power of all nodes are available each minute. As an example of ELI calculation, a sample network depicted in Figure 1 is considered. In this figure, the SMs’ locations are considered on the low voltage side of the network. The recorded active and reactive power of all nodes and the recorded voltage and current at the beginning of the feeder is fed to a load flow method, to determine the voltage of all nodes. Therefore, the load impedance of node  i  (  i = 1 , … , n   where  n  is the number of network nodes) can be calculated using    Z i  =  R i  + j  x i  =  (   V i    2  /  P i   )  +  (   V i    2  /  Q i   )   . The ELI at the end of section (  i − j  ) is determined using each downstream node load impedance and DLPs. The DLPs model of a section is depicted in Figure 2. The ELI at the end of the section (  i − j  ) is calculated by the following formula:


   Z  L e q j   =    (   Z 1     − 1   +  Z 2     − 1   +  Z 3     − 1    )    − 1    



(7)




where    Z  L e q j     is the ELI at the end of the section (  i − j  ).    Z 1   ,    Z 2   , and    Z 3    are the upstream equivalent impedance of section (  j − 1  ), section (  j − 3  ), and section (  j − 5  ), respectively. To determine these values, the DLPs model is utilized. The following equations are calculated to determine the upstream equivalent impedance of each section.


   Y 1  = (    [     (     (   Z  L 2   − 1   +  Y  12  ′  / 2  )    − 1   +  Z  12  ′   )  − 1   +  Y  12  ′  / 2 +  Z   L 1    − 1   +  Y  j 1  ′  / 2  ]    − 1   +  Z  j 1  ′   )    − 1   +  Y  j 1  ′  / 2  



(8)






   Y 1  = (    [     (     (   Z  L 4   − 1   +  Y  34  ′  / 2  )    − 1   +  Z  34  ′   )  − 1   +  Y  34  ′  / 2 +  Z   L 3    − 1   +  Y  j 3  ′  / 2  ]    − 1   +  Z  j 3  ′   )    − 1   +  Y  j 3  ′  / 2  



(9)






   Y 3  =   (    (   Z  L 5   − 1   +  Y  j 5  ′  / 2  )    − 1   +  Z  j 5  ′  )   − 1   +  Y  j 5  ′  / 2    



(10)




where    Z 1     − 1   =  Y 1  ,      Z 2     − 1   =  Y 2  ,   and    Z 3     − 1   =  Y 3   . Then using Equation (7), the ELI at the end of section (  i − j  ) can be determined. The impedance-based FL method determines several answers as the location of the fault, but only one of these answers is the real fault point. In the next part, a new cost-effective method, which does not need any extra calculation, is presented to determine the real faulty section among all candidates, using SFM data.




2.3. Real Faulty Section Detection


As discussed earlier, the proposed impedance-based method uses periodically recorded active and reactive power of nodes and the phase-domain post-fault recorded voltage and current at the substation to locate a faulty section in the distribution network. Although, this method applies the minimum recorded information to locate the fault points that are more cost-effective and are faster, compared to intelligent, traveling wave, and differential equation-based methods, it determines several candidates as fault points. In fact, this happens because of only using the substation recorded data and the existence of many branches and sub-branches in distribution networks. Therefore, it is necessary to detect the real fault point among all acquired answers.



In this part, a new section estimation algorithm is presented, which uses the post-fault recorded information of SFMs. SFMs are measurement devices that locate on the medium voltage nodes. These devices measure phase-domain voltage, current, and active and reactive power of each node and the line connected to it. After a fault occurs in the network, the protection relays detect the fault in the network and send a fault pulse to all SFMs of the network to collecting the required information.



In the proposed faulty-section detection method, recorded post-fault active power of all located SFMs are utilized for detecting a real faulty section. In this method, it is not necessary to use SFMs on all nodes. To cost-effectively detect the real faulty section, SFMs locate on branches and sub-branches to fully support all sections of the network. For instance, in Figure 3, only three smart feeder meters are needed on nodes 2, 3, and 8 to determine the actual fault point. If a fault happens in section (2–6), due to the nature of the FL algorithm and the network topology, the algorithm may determine the section (2–6), (3–7), (3–4), (8–9), and (8–10), as well as the faulty sections. The substation relay sends a pulse to all SFMs for receiving the recorded post-fault active power. The recorded power of the real faulty section is much higher than the rest of the candidates due to the fault current. The flow-chart of the proposed algorithm is depicted in Figure 4. The proposed method steps are presented in Algorithm 1.



	
Algorithm 1. Impedance-based FL algorithm




	
Input—recorded data of voltage, current at the beginning of feeder, and the constant power of SFMs.




	
1:

	
Check if the fault is detected in the network or not




	
2:

	
Determine the fault type (one or two)




	
3:

	
The protection relay sends pulse to gather the recorded information of all SMs, SFMs, and substation measurement




	
4:

	
Estimate the accurate load impedance of each node




	
5:

	
if there are adequate SM then




	
6:

	
Calculate the load impedance of each node using the recorded information of each SM at the low-voltage side of the network




	
7:

	
else




	
8:

	
Estimate the load value of each node using the method of [39]




	
9:

	
end if




	
10:

	
Calculate the equivalent impedance load at the end of each section




	
11:

	
Determine post fault input voltage and current of each section




	
12:

	
While there is a section for analyzing do




	
13:

	
Calculate the fault current using (6)




	
14:

	
Calculate the fault distance (1) or (2)




	
15:

	
if the answer is not converged then




	
16:

	
Calculate the fault point voltage using (3)




	
17:

	
Update fault current using (4), (5), and (6)




	
18:

	
Go to step 13




	
19:

	
else




	
20:

	
Fault distance is determined




	
21:

	
end if




	
22:

	
Go to the next section




	
23:

	
end while




	
24:

	
if there is only one acceptable answer then




	
25:

	
fault distance and faulty section are determined




	
26:

	
else




	
27:

	
Use the recorded active power of the branch related to the fault point




	
28:

	
Set the section with the largest active power as a real faulty section




	
29:

	
end if




	
30:

	
Print the index of the actual faulty section and fault distance









After a fault occurs in the network, the algorithm starts to locate the real faulty point. To determine the fault distance, Equation (1) is used for grounded faults and Equation (2) is used for phase-to-phase faults. The protection relays detect a fault in the network and send a signal to substation measurement and all smart measurement devices, such as SMs in the low-voltage side and SFMs in the medium-voltage side of the network, to collect the recorded pre- and post-fault data. The load value of each node should be determined for calculating the fault current and iterative computation. In this method, it is necessary to use the data of SMs in the low-voltage side of the network. However, in the case of lack of SMs in some nodes of the network, the load estimation method of [39] can be applied to accurately estimate the load value of each node. Equivalent load impedance at the end of each section should be specified as a result of analyzing all sections. Post-fault recorded information of the measurement located at the substation, distributed line parameters model, and Equations (1) and (2) are used to determine the fault distance of each node. Note that the determined fault distance must be a positive value and less than the analyzed section length. If the acquired answer was not acceptable, an iterative procedure should be performed using Equations (4)–(6). As there are many laterals and sub-laterals in the distribution network, there is a possibility of detecting several points as faulty sections. In this paper, the recorded active power of SFMs; which are located in the nodes with more than two connected lines; are used. The value of the active power is the indicator of the real faulty section. The section with the largest value of active power is the actual faulty section because of the high-fault current. In the next part, the simulation results are presented on the test feeder.





3. Simulation Results


To validate the effectiveness of the proposed method, several simulations were performed on the IEEE 11-node test feeder, as depicted in Figure 5 in SIMULINK MATLAB 2020b. There were 7 nodes in the main feeder of the network and nodes 9, 10, and 11 were connected to the main feeder to nodes 3, 4, and 5, respectively. These three branches were the main reason for the multiple solutions of the proposed FL algorithm. If a fault occurs in section (4–5), the proposed method may find three FL in sections (4–5), (3–9), and (4–5), based on the fault type and its distance on that section. Only one of these candidates is the actual point of fault. To overcome this difficulty, the proposed section estimation algorithm can differentiate between the real faulty section and other possible solutions. To this end, three SFMs are located in nodes 3, 4, and 5. The following fault conditions are considered to reveal the proposed method effectiveness:




	
Different fault resistance (0-, 20-, 50-, 100-ohm).



	
Different fault types (single-phase, two-phase and three-phase to ground).



	
Different fault inception angles (0-, 30-, 70- and 150-degree).



	
Different fault distances (sections (3–9), (4–10) and (5–11)).



	
Laboratory single-phase fault experiment.








Distributed line model of each section was simulated to achieve a more precise result. After a fault occurs in the network, the recorded voltage and current at the beginning of the network and the last recorded power of SMs in the low voltage are fed to the load-flow algorithm, to achieve the voltage of each node and subsequently the impedance of each node. Using the phase-domain voltage, the current of the substation, the determined impedance value of each node, and the impedance-based FL algorithm, all possible locations of fault were calculated. Afterwards, the determined locations and recorded active power of SFMs regarding the FL candidates were applied to the section estimation method to distinguish the real fault point from the rest of the nominees. The following scenarios were investigated to reveal the proposed method effectiveness.



3.1. Different Fault Distances


Faults may unexpectedly occur in the distribution networks in any location of the network. This could happen in the main feeder or in the laterals or sub-laterals of the network. Therefore, the FL method should be able to perform well in the face of such difficulty. To examine the proposed method performance in different FLs, several simulations of three-phase to ground fault with 50-ohm ground resistance were performed in sections (3–9), (4–10), and (5–11) in the distance of 3.663 km, 4.063 km, and 12.926 km from the substation. The results of the simulations are presented in Table 1. For the first case, three candidates of FL was determined by the algorithm in the real sections (section (3–9), section (4–5), and section (4–10) in 3.6585 km, 3.6567 km, and 3.6571 km of the beginning of feeder, respectively). To exactly specify the location of the fault, the output active power of each upstream node of the candidate section is reported. The maximum value of active power represents the real section of the fault.




3.2. Different Fault Resistances


Impedance-based algorithms determine the location of faults in the networks by investigating the change in the impedance of each network’s section. Due to the vastness of electricity distribution networks, the need to supply energy to all consumers and the existence of different types of land in an area including asphalt, sand, stone, etc., the fault may occur with any resistance in the network. Hence, a FL method has to be robust against this problem. To this end, several simulations of single-phase to ground fault with 0-, 20-, 50-, and 100-ohm in section (3–9) (3.663 km from the substation) were carried out to demonstrate the proposed method’s effectiveness against various ground fault impedances. Based on the result of Table 2, the proposed method could differentiate between the real location of fault and nominees. For instance, three candidates were specified as FLs in sections (4–5), (3–9), and (4–10) for the 100-ohm ground fault case. The recorded active power of SFMs located in nodes 3, 4, and 5 revealed that the output power value for the real faulty section was much higher than other points. It can be seen from the results of Table 2 that the proposed section estimation method can easily detect the fault section among all candidates.




3.3. Different Fault Inception Angles


Fault happens in the network due to many reasons such as adverse weather conditions, falling external objects like a tree, and aging of the network’s equipment. Since all of these situations may arise in an unpredictable manner, the fault inception angle could randomly take place in a boundary of    [  0 , 2 π  ]   . This requires that the FL algorithm be able to operate correctly for all fault inception angles. Several different cases of the starting fault angle for a two-phase fault to ground with 50-ohm fault resistance were simulated, and the results are reported in Table 3. Four cases of fault angle with 0-, 30-, 70-, and 150-degree in section (4–10) (4.063 km from the substation) were considered. The results revealed that the section estimation algorithm could perfectly distinguish an actual fault point from other answers.




3.4. Different Fault Types


Several types of faults could occur in the network that could adversely affect the FL algorithms. Accordingly, in this paper, a powerful method is presented to determine the actual section of fault among all fault point candidates. Single-phase, two-phase, and three-phase to ground faults with different situations were simulated in the test feeder. The results of several single-phase faults with different ground fault resistances, two-phase faults with different fault starting angles, and three-phase faults in different spots of the network were simulated. The results are reported in Table 1, Table 2 and Table 3, which revealed that this method could specify the location of different faults, regardless of their type.




3.5. Laboratory Single Phase Experiment


For further evaluation of the proposed method, its performance in a real test was examined. To this end, a solid single-phase fault experiment was performed on the power simulator set depicted in Figure 6. The waveforms of the recorded current, and voltage at the beginning of the feeder are demonstrated in Figure 7. A single-line view of the test network is shown in Figure 8. There were four nodes in the main feeder with two branches that consisted of four laterals. Three resistive loads were connected to nodes 4 (  50    Kw   ), 6 (  150    Kw   ), and 8 (  150    Kw   ). A fault occurred at a 15-km distance from node 3 in section (3–4). Three locations were determined in sections (3–6), (3–4), and (3–8) at   105.56    km   ,   104.2   km  , and   106   km   from the substation. The output power of each line from node 3 to nodes 6, 4, and 8 were recorded. These values were recorded by a power quality analyzer. Based on the recorded values, the real faulty section was section (3–4). The simulation with the same properties of the laboratory network was performed in MATLAB. The results of the simulation and laboratory test are presented in Table 4. As can be seen from the result, the proposed method was able to distinguish the real location of fault from other candidates.





4. Conclusions


Faults can cause outages and disruption and bring about financial losses, customer dissatisfaction, and reliability reduction, which is important for the distribution grid operators. In this paper, a new real FL, based on the variation of the impedance of the network is presented. This method could determine the real location of fault between all candidates that the FL algorithm may calculate. The recorded data of SMs in the low voltage and SFMs in the medium voltage is utilized and fed to the load-flow algorithm, for the next steps of the FL procedure. The recorded power of SFMs distinguished the real location of fault from other fault candidates. Several simulations were performed on the IEEE 11-node test feeder to investigate the proposed method’s effectiveness. The simulation results showed that the proposed section estimation method can easily identify the real faulty section in different fault conditions, such as different locations of fault, various types of fault, different fault inception angles, and single-, two-, and three-phase to ground faults. To practically examine the usefulness of FL, a single-phase laboratory test was carried out on the power simulator. The simulation of the laboratory test was also performed in MATLAB. In both simulation and laboratory tests of the sample network, the real faulty section was successfully determined. The results revealed that the proposed method is robust against different fault conditions, which occur unexpectedly.
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Figure 1. Single line diagram of a sample network with SMs in the low voltage side of the network. 
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Figure 2. Distributed line parameter model of each network’s section. 
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Figure 3. A sample network equipped with SFMs located in nodes 2, 3, and 8. 
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Figure 4. Flow-chart of the proposed method. 
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Figure 5. Single line diagram of IEEE 11-node test feeder equipped with smart meters and SFMs. 
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Figure 6. Power simulator set. 
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Figure 7. Recorded voltage (a) and current (b) waveforms. 
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Figure 8. Single line diagram of the laboratory test network. 
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Table 1. Proposed Method Effectiveness under Different Fault Locations.
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Fault Locations

	
First Candidate

	
Second Candidate

	
Third Candidate






	
Section (3–9)

3.663 km

	
Section (4–5) 3.6567 km

	
Section (3–9) 3.6585 km

	
Section (4–10) 3.6571 km




	
    P  45   = 2.1    kW    

	
    P  39   = 1.4    M W    

	
    P  410   = 419    W    




	
Section (4–10) 4.063 km

	
Section (3–9) 3.3547 km

	
Section (4–5) 4.7575 km

	
Section (4–10) 4.0555 km




	
    P  39   = 703    W    

	
    P  39   = 1.2    kW    

	
    P  410   = 1    M W    




	
Section (5–11) 12.926 km

	
Section (5–11) 12.8973 km

	
Section (4–10) 5.1364 km

	
-




	
    P  511   = 1.2    M W    

	
    P  410   = 13   kW   
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Table 2. Proposed Method Effectiveness under Different Fault Resistances.
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Fault Resistances

	
First Candidate

	
Second Candidate

	
Third Candidate






	
0  Ω 

	
Section (4–5) 3.6373 km

	
Section (3–9) 3.6126 km

	
Section (4–10) 3.6271 km




	
    P  45   = 9.7    kW    

	
    P  39   = 2.4    M W    

	
    P  410   = 1.7    kW    




	
20  Ω 

	
Section (4–5) 3.543 km

	
Section (3–9) 3.6629 km

	
Section (4–10) 3.5792 km




	
    P  45   = 0.63    MW    

	
    P  39   = 5.2    M W    

	
    P  410   = 0.13    MW    




	
50  Ω 

	
Section (4–5) 3.3776 km

	
Section (3–9) 3.6649 km

	
Section (4–10) 3.4424 km




	
    P  45   = 0.72    MW    

	
    P  39   = 2.4    M W    

	
    P  410   = 0.14    MW    




	
100  Ω 

	
Section (4–5) 3.1899 km

	
Section (3–9) 3.6722 km

	
Section (4–10) 3.2388 km




	
    P  45   = 0.74    MW    

	
     P   39   = 1.3    M W    

	
    P  410   = 0.15    MW    
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Table 3. Proposed Method Effectiveness under Different Fault Inception Angles.
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Fault Resistances

	
First Candidate

	
Second Candidate

	
Third Candidate






	
0  θ 

	
Section (4–5) 3.9419 km

	
Section (3–9) 3.9463 km

	
Section (4–10) 3.9434 km




	
    P  45   = 0.18    MW    

	
    P  39   = 36    kW    

	
    P  410   = 11.6    M W    




	
30  θ 

	
Section (4–5) 4.0021 km

	
Section (3–9) 4.0066 km

	
Section (4–10) 4.0037 km




	
    P  45   = 0.18   MW   

	
    P  39   = 36    kW    

	
    P  410   = 13    M W    




	
70  θ 

	
Section (4–5) 4.1302 km

	
---

	
Section (4–10) 4.1319 km




	
    P  45   = 0.18   MW   

	
    P  410   = 11    M W    




	
150  θ 

	
Section (4–5) 4.3144 km

	
---

	
Section (4–10) 4.3161 km




	
    P  45   = 0.74    MW    

	
    P  410   = 10    M W    
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Table 4. Laboratory and simulation result of single-phase to ground fault.
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Test Type

	
First Candidate

	
Second Candidate

	
Third Candidate






	
Simulation

	
Section (3–6) 101.4 km

	
Section (3–8) 101.1 km

	
Section (3–4) 100.96 km




	
    P  36   = 21   kW   

	
    P  38   = 23   kW   

	
    P  34   = 2.12    M W    




	
Laboratory

	
Section (3–6) 105.56 km

	
Section (3–8) 106 km

	
Section (3–4) 104.2 km




	
    P  36   = 29   kW   

	
    P  38   = 31   kW   

	
    P  34   = 2.34    M W    
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