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Microgrid properties including bidirectional power flow in feeders, fault level decrease in the islanded mode, and intermittent nature of distributed generators (DGs) result in the malfunctioning of microgrid conventional protection schemes. In the present article, a protection scheme based on impedance is suggested for fault detection in LV and MV overhead and cable distribution lines in both grid-connected and islanded modes. To determine a fault detection index, new suggested equivalent circuits for doubly fed lines are applied. Relay location data and magnitude of positive sequence voltage of the other end of the line are used. It is simulated by PSCAD and MATLAB software in order to evaluate its performance and approve its validity. This scheme can detect even high-impedance faults in both grid connected and islanded modes in LV and MV overhead and cable distribution lines. In addition, it is robust against load and generation uncertainty and network reconfigurations. Low sampling rate and minimum data exchange are among the advantages of the proposed scheme.
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1 INTRODUCTION
Microgrids are made of medium- and low-voltage distribution systems including distributed generators (DGs) and loads, capable of operating in islanded and grid-connected modes in an organized and controlled way. Microgrids mainly improve the reliability and resiliency of the power system. An advantage of microgrids is their capability of facilitating more creative schemes to meet local demands flexibly with small-scale generators and consumers closely integrated (Mirsaeidi et al., 2016), (Teimourzadeh et al., 2016).
Regardless of the advantages of microgrids, extensive use of microgrids leads to protection and control challenges and coordination problems with the main network. Because of the presence of looped feeders, bidirectional power flow in the lines, and a considerable decrease in the fault level in the islanded mode, the conventional strategies of microgrid protection do not operate correctly (Blaabjerg et al., 2017).
Furthermore, in traditional distribution networks, if a fault occurs, the recloser disconnects the fault from the utility in a fast mode and reconnects after a short interval. It may cause fault self-clearing if it was temporary. However, in the distribution network with DGs, to ensure the correctness of automatic reclosing, DGs should be entirely disconnected before reconnecting. If during the disconnecting interval, a DG continues its connection to the network, after the short break and utility reconnection, the fault may not be cleared because the DG has fed the arc during the disconnecting interval. In addition, after the break, the frequency changes are probable in the distribution network islanded part. So, by reclosing the switch, two operating systems consisting of active sources with different frequencies on both sides of one recloser are coupled (Jiao et al., 2015), (Adly et al., 2017). Therefore, new communication-based protection schemes with intelligent devices are required to protect these lines (Aminifar et al., 2014).
In general, microgrid protection schemes are configured in two classes: first, network modifying-based schemes modifying the behavior of the grid during the fault for correct performance of traditional protection schemes; second, protective strategy-based schemes modifying conventional protection schemes based on behaviors of microgrids.
A. Network modifying-based schemes
The fault current level changes considerably when the microgrid alters from grid-connected to islanded mode and vice versa. Some protection strategies use external devices for decreasing the main grid fault current contribution. These devices include fault current limiters, ultra-capacitors, flywheels, batteries, and ones installed between the microgrid and the main grid. Mostly, the implementation of these schemes needs high investment (Khederzadeh, 2012; Ghanbari and Farjah, 2013; Esmaeili Dahej et al., 2018).
Grounding strategy modification was suggested in Teimourzadeh et al. (2016) to avoid mal-operation of conventional protection strategies. To some extent, it affords correct operation conditions of relays at a low cost.
In Oureilidis and Demoulias (2016), a scheme was proposed for the protection of looped microgrids with a conventional protection system. The fault was detected by indirectly measuring the impedance of the microgrid. Then, the control system of DGs was adjusted to inject a current proportionate to the measured microgrid impedance, according to a droop curve. This meant that DGs closer to the fault injected a moderately larger current and provided selective coordination of the protection devices.
B. Protective strategy-based schemes
There are several kinds of microgrid protection schemes in this class. Adaptive strategies are one group. In these schemes, relay settings are modified automatically when the operation mode of the microgrid (islanded or grid-connected) is changed (Orji et al., 2017). A scheme for the protection of microgrids in both operation modes applying phasor measurement units (PMUs) on the basis of positive sequence impedance was presented in Mirsaeidi et al. (2016). However, it was required to update the values of pickup relays after a configuration change in the microgrid. In Laaksonen et al., 2014), a monitoring system was explained, in which online updating of the relay settings was based on the operating modes of the microgrid. It used communication links to collect data from smart electronic devices and send data to a central controller for real-time analysis.
One challenge of using these schemes is substituting all the existing relays with adaptive ones, which is costly and requires upgrading the present protection schemes of distribution systems. Moreover, adaptive relays usually need communication infrastructures.
Differential-based schemes as another group compare the currents entering and leaving the protected zone and operate when the differential between these currents exceeds a predetermined magnitude (Zeineldin et al., 2006), (Sortomme et al., 2010). A multi-agent microgrid protection scheme based on a variable tripping time differential protection was suggested by Aghdam et al. (2019) and would be capable of operating in both grid-connected and islanded modes. Moreover, in Kar et al. (2017), the differential features were extracted from the fault current and voltage by applying the discrete Fourier transform, and a decision-tree data mining model was proposed to decide ultimately.
Generally, differential schemes require a communication system and synchronized measurements. Moreover, transients and unbalanced loads may challenge the operation of the protection system.
Another group is voltage-based schemes. Some voltage-based protection schemes recognize the faults by detecting the fundamental voltage-positive sequence component. Some others apply the d–q transform. Loix presented a technique on the basis of the impact of different types of faults on the components of the voltage Park transform for protecting microgrids against different faults (Loix et al., 2009). Differential angle variations of the voltages of buses with the common coupling point voltage were used to propose a scheme for microgrid protection in Sharma and Samantaray (2019). This scheme required synchronous measuring of the angles of several bus voltages. This protection scheme recognized fault occurrence; however, it was not able to determine the faulty line of the microgrid.
Generally, in these schemes, the type of fault and voltage depth magnitude during the fault change the detection time. Hence, these schemes are mainly dependent on the operational mode of the microgrids. Incorrect protections may be triggered by voltage fluctuations owing to non-fault happenings in the islanded mode of microgrids.
In addition, the overcurrent schemes are another group in this class (Best et al., 2009). An overcurrent relay characteristic was proposed in Darabi et al. (2020) to reduce the time of operation of the overcurrent relay. Zero and negative sequence currents were applied for proposing the protection scheme in Zamani et al. (2011). Furthermore, in Furlan et al. (2018), unbalances of voltage were used to improve the overcurrent operation.
Usually, these schemes are highly dependent on wide-area communication systems and are affected by fault level changes.
In distance protection, impedance or admittance is utilized for fault detection. Here, for a fault occurrence downstream of the distance relay location where DGs are installed, the distance relay observes an impedance larger than the actual impedance of the fault. It causes an ostensibly increased distance in the fault because of the added voltage due to an infeed at the common bus. It may lead to a malfunction of the distance relays (Hooshyar and Iravani, 2017). The effects of the resistance of the fault and midway infeed on the performance of the distance protection system in the radial feeders of distribution grids were studied in Nikolaidis et al. (2018). In addition, the combined influence of fault resistance and infeed on the distance protection system was assessed, and resulting problems concerning suitable relay operations were illustrated. In Bottrell and Green (2013), faults were detected by applying the inverse-time tripping admittance. In addition, impedance differential and inverse-time low-impedance protection schemes were proposed in Huang et al. (2014) as the main and backup protection schemes, respectively. Furthermore, in Pandakov and Hoidalen (2017), a compensation scheme to omit errors due to impedances of faults and infeed currents was suggested. Biller and Jaeger (2018) proposed a voltage-free scheme for distance protection compatible with inter-infeed and closed-loop feeders to protect lines in the microgrids. This scheme was based on negative sequence currents measured at the relay location and remained unaffected by negative sequence current suppressing converter-connected DGs and fault resistances. In addition, in FangJia et al. (2019), an improved scheme on the basis of time delay and zero sequence impedance was presented.
The most important advantage of these schemes is their independence of change in the fault current in both microgrid operation modes, but the resistance of the fault and the infeed produced by DGs may cause some errors in the measured impedance. Furthermore, current transients may decrease the measurement precision. Optic fibers can be used for the communication link (Shabani and Mazlumi, 2020), and in long lines, PMUs can be placed on buses (Sharma and Samantaray, 2020) (Garcia et al., 2020).
In Wang et al. (2019), a high-impedance fault detection method based on variational mode decomposition was proposed, where the non-linear characteristics of high-impedance faults were modeled. In addition, in Nobakhti et al. (2021), protection algorithms were proposed for main and backup protection in LV microgrid lines, but their operations have not been studied for high-impedance faults. Moreover, the performance of the schemes was not evaluated in MV microgrids and cable lines.
Therefore, it seems a serious requirement for a protection scheme based on impedance for overhead and cable lines, with the least effect of infeed and impedance of the fault on its operation. In this article, a new impedance-based scheme for microgrid protection in grid-connected and islanded modes is proposed. It has the following features:
• High-impedance fault detection
• Correct performance in overhead and cable lines
• Fault detection capability in LV and MV lines
• Suitable detection time
• Low rate of sampling
• Minimal exchange of data
• Independence from uncertainties of load and generation
• Independence from grid reconfigurations
This article comprises the following sections. Short-circuit fault types and their corresponding equivalent circuits used in the suggested protection scheme are presented in Section 2. In the next section, a new fault detection scheme for microgrids based on impedance is proposed. Section 4 elaborates on the simulation of the proposed strategy in PSCAD and MATLAB software to evaluate its performance. , Section 5 concludes the study.
2 PROPOSED DOUBLY FED LINE EQUIVALENT CIRCUITS DURING SHORT-CIRCUIT FAULTS
Because of the presence of DGs, some distribution lines in microgrids are supplied from two ends. These doubly fed distribution lines are depicted in Figure 1. The sequence equivalent circuits of each type of short-circuit fault are required for studying faults.
[image: Figure 1]FIGURE 1 | Doubly fed distribution line.
In this section, the simplified positive sequence equivalent circuit, abbreviated as “SPS” circuit; simplified negative sequence circuit, abbreviated as “SNS” circuit; and simplified zero sequence circuit, abbreviated as “SZS” circuit, using the conventional sequence ones, are introduced, and they are described in Figure 2, where K is between 0 and 1 and indicates the location of the fault, and “i” may be substituted with “3P,” “LL,” “DLG,” and “SLG” for three-phase, line-to-line, double-line-to-ground, and single-line-to-ground faults, respectively.
[image: Figure 2]FIGURE 2 | (A) SPS, simplified positive sequence circuit; (B) SNS, simplified negative sequence circuit; (C) SZS, simplified zero sequence circuit.
Also, positive, negative, and zero sequence will be symbolized by “1,” “2,” and “0” subscript, respectively. Zl represents positive sequence line impedance, and Zl0 is zero sequence line impedance. Zeq,i and Zeq0,i represent sequence equivalent impedances, and Veq1,i,Veq2,i, and Veq0,i represent sequence equivalent voltages. The sequence equivalent impedances and voltages will be explicated for each fault type distinctively.
A.Three-phase fault
Here, three phases are grounded by resistance Rf. Figure 3 depicts the conventional equivalent circuit that contains the positive sequence. By comparing this figure and the SPS circuit in Figure 2A, Veq1,3P and Zeq,3P are obtained as follows:
[image: image]
[image: Figure 3]FIGURE 3 | SPS circuit for three-phase fault.
There are no SNS and SZS circuits in this fault type because of the absence of negative and zero sequence components.
B. Line-to-line fault
In the line-to-line fault, two phases are connected by resistant Rf. Figure 4 shows the conventional equivalent circuit for this fault comprising the positive and negative sequences.
[image: Figure 4]FIGURE 4 | Conventional sequence equivalent circuits for line-to-line fault.
If Thevenin equivalent circuits [VA2 series with impedance KZl and also VB2 series with impedance (1−K)Zl] convert to the corresponding Norton equivalent, after simplifying the resulting circuit, Figure 5A will be attained, where
[image: image]
[image: Figure 5]FIGURE 5 | Simplified circuit for line-to-line fault. (A) simplified circuit of Figure 4 for line-to-line fault. (B) simplified circuit of Figure 5A.
By altering the dependent current source parallel with impedance (Norton equivalent) to the corresponding dependent voltage source series with impedance (Thevenin equivalent) shown in Figure 5A, the circuit in Figure 5B is obtained. By subtracting voltage K(1−K)ZlIeq1,LL from the voltages of both ends of the circuit, the dependent source in the middle branch is removed. So, the SPS circuit for this fault type is achieved. Veq1,LL and Zeq,LL are obtained as follows:
[image: image]
In the same way, the SNS circuit is achieved, in which
[image: image]
It is clear that there is no SZS circuit for the LL fault.
C. Single-line-to-ground fault
In this fault type, one of three phases is connected to the ground by resistant Rf. Figure 6 shows the sequence equivalent circuits of the single-line-to-ground fault. By simplifying the negative and zero sequence circuits, the SPS circuit is achieved. Similarly, SNS and SZS circuits are achieved:
[image: image]
D. Double-line-to-ground fault
[image: Figure 6]FIGURE 6 | Conventional sequence equivalent circuits for single-line-to-ground fault.
This fault will happen when two phases are connected together by resistant Rf and also to the ground by the same resistance. Figure 7 displays the sequence equivalent circuits of the double-line-to-ground fault. Parameters of SNS, SPS, and SZS equivalent circuits will be determined as follows:
[image: image]
[image: Figure 7]FIGURE 7 | Conventional sequence equivalent circuits for double-line-to-ground fault.
where M and N are achieved as follows:
[image: image]
3 PROPOSED IMPEDANCE-BASED PROTECTION SCHEME
Using Y-Δ transform, SPS and SNS circuits shown in Figure 2 are reformed to Figure 8, as follows:
[image: image]
[image: image]
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[image: Figure 8]FIGURE 8 | Transformed to equivalent delta circuits (A) SPS and (B) SNS.
Based on Eq. 8, by increasing Rf, the absolute value of Zα,LL shall be increased. Rf is infinite under normal conditions, so the absolute value of Zα,LL will be infinite, too, and its angle will be 0. However, during the fault, its absolute value will be decreased drastically and its angle will be increased at most about the angle of the positive sequence impedance of the line. Notably, the line impedance angle in distribution lines is small.
In addition, based on Eq. 9), under normal conditions, the absolute values and angles of impedance Zβ,LL and impedance Zl will be equal, and during the faults, the angle variations of impedance Zβ,LL will be low. The absolute value variations of Zβ,LL will be low, too, except for small Rf. The intensive reduction of Zα,i during the fault can be a basis for fault detection.
Using KCL and KVL in circuits shown in Figure 8 and the SZS circuit, and substituting Rf and K with Zα,i and Zβ,i, the absolute value of VB1 is obtained. If this value equals its sent value from the other line end, and Zβ,i is substituted with Zl (as its value in normal conditions), an equation with variable Zα,i shall be attained.
For example, for the line-to-line fault, KCL leads to
[image: image]
Considering Eq. 8 and Eq. 9, K and Rf can be attained from the following equations:
[image: image]
By substituting calculated K and Rf in the KCL equations and also substituting Zβ,LL with Zl, VB1 is achieved as follows:
[image: image]
In the same way, VB1 is achieved for other faults. By supposing 0 for the angle of Zα,i, two answers will be found for Zα,i (as a real number). One of them has an ineligible negative value. The other answer, for the external faults and normal conditions, is +∞, and during the faults, it decreases to a positive value. So, considering this change, Fault Detection Index (FDIi) can be described as follows:
[image: image]
Constant coefficient Ci is determined, which is slightly greater than the absolute value of Zα,i, for the fault near to the end B with considered maximum fault resistance.
FDIi is negative under normal conditions and may transiently become positive for faults in the adjacent lines. Therefore, consecutive M positive samples of FDIi will detect a fault.
In this scheme, the voltage and current of the line beginning and the positive sequence voltage absolute value of the line end are applied to line protection from the beginning of the line. Thus, only one quantity should be sent from the other side of the line, unlike the previously presented protection schemes, like Huang et al. (2014), that generally required the transmission of two quantities (absolute value and angle of a phasor quantity) or more. Hence, in the proposed scheme, the exchange of data decreases by 50%, which is an advantage. Figure 9 shows the flowchart of this scheme. Nowadays, intelligent digital relays are used extensively, and implementation of the proposed scheme is possible using them.
[image: Figure 9]FIGURE 9 | Proposed scheme flowchart.
In this scheme, distribution lines were modeled by resistance and inductance, and the line capacitance was ignored. This assumption is acceptable in the overhead lines, but it may be challenged for cable lines in high-resistance faults. In order to modify this scheme for cable lines, the π model of the line is applied (illustrated in Figure 10). So, IA1, IA2, and IA0 in the proposed scheme should be substituted as follows:
[image: image]
[image: Figure 10]FIGURE 10 | π model of the line. (A) positive sequence (B) negative sequence (C) zero sequence.
where Xc is the positive and negative sequence capacitive reactance of the line, and Xc0 is zero sequence capacitive reactance. In addition, I′A1, I′A2, and I′A0 are positive, negative, and zero sequence input line currents, respectively.
4 CASE STUDY
A 50-Hz distribution network shown in Figure 11 was simulated in PSCAD and MATLAB software to evaluate the proposed scheme (Huang et al., 2014). Two 400-V and 10-kV networks are connected to the main grid (35 kV) by a transformer. In the coupling point with the main grid, the fault level and R/X ratio are 500 MV A and 0.1, respectively. There are three inverter-based DGs in the 400-V feeders. DG1 and DG2 have nominal powers of 200 kV A and 100 kV A, respectively. DG3 is a photovoltaic system with a nominal power of 50 kV A.
[image: Figure 11]FIGURE 11 | Case study system.
The positive and negative sequence resistance of 400-V overhead lines (Lines 1 to 4 and Line 6) is 0.32 Ω/km, and this parameter in the cable line (Line 5) is 0.30 Ω/km. Zero sequence resistances of these overhead lines and the cable line are 1.1 Ω/km and 1 Ω/km, respectively. Moreover, the positive and negative sequence inductance of 400-V overhead lines and the cable line is 0.261 mH/km and 0.223 mH/km, respectively. Zero sequence inductances of these overhead lines and the cable line are 0.955 mH/km and 0.828 mH/km, respectively. In addition, the positive and negative sequence capacitance of the 400 V cable line is 0.07 μF/km, and the zero sequence capacitance is 0.02 μF/km. The nominal reactive power of the shunt capacitor in bus A is 20 kVAr. Load 1, Load 3, and Load 4 have a power of 40 kV A, and the powers of Load 2, Load 5, and Load 6 are 20, 5, and 25 kV A, respectively. The power factor of all loads in 400-V feeders is considered 0.9 lag.
The positive and negative sequence resistance of the 10-kV lines is 0.38 Ω/km, and the zero sequence resistance is 0.76 Ω/km. In addition, the positive and negative sequence inductance of these lines is 1.432 mH/km, and the zero sequence inductance is 4.2 mH/km. The nominal power of DG4 (inverter-based) at the end of the 10-kV feeder is 600 kV A. The power of Load 7 is 100 kV A, and the powers of Load 8 and Load 9 are 500 kV A. The power factor of loads in the 10-kV feeder is considered 0.85 lag.
A 400-V subsystem may be considered a microgrid that can operate in grid-connected or islanded operation mode. In this paper, the control system of DG1, DG2, and DG4 changes from active–reactive power (P–Q) to voltage–frequency (v-f) to support voltage and frequency in the islanded mode, but because of the nature of the photovoltaic system, DG2 retains P–Q control, irrespective of operation modes. The considered equivalent circuit for DGs is shown in Figure 12, which includes dependent voltage sources and inductors as filters.
[image: Figure 12]FIGURE 12 | Equivalent circuit for DGs.
When the microgrid is in the grid-connected mode, DGs operate in P–Q control mode. In this mode, the DG control system operates so that DG injects active power (Pref) equal to its nominal power and reactive power (Qref) of 0 to the grid. However, when the microgrid operates in the islanded mode, the DGs (except PV) operate in a v–f control mode. In this mode, the DG control system operates for maintaining the voltage and angular frequency of the grid at or near the nominal values (Vrated and ωs). To share the power between DGs according to their nominal powers, the drop control method is applied. The considered DG control system in the grid-connected mode is shown in Figure 13A. In this figure, Vm,rated is the nominal voltage amplitude, ωs is the nominal angular frequency, and t is time. In addition, the considered DG control system in the islanded mode is shown in Figure 13B, where m is the ratio of permissible angular frequency drop to DG rated power, n is the ratio of permissible rated DG drop to rated power and, Vmeas is the measured terminal voltage. It should be mentioned that the output currents of DGs during the fault condition are limited to 1.5 times of nominal currents.
[image: Figure 13]FIGURE 13 | DG control system in (A) grid-connected mode and (B) islanded mode.
Optic fibers can be used for the communication link in the proposed scheme. Generally, total communication delay includes four components: transmission delay, queuing delay, propagation delay, and processing delay. Transmission and queuing delays are insignificant for advanced communication systems such as optic fiber with high bandwidth. The delay is around 0.1 ms with a bandwidth of 100–1,000 Mb/s. The propagation delay is small for LV systems with short lines (several µs) (Shabani and Mazlumi, 2020). The processing delay can be minimized using advanced routing. So, the total communication delay will be small enough to enable the data of the absolute value of positive sequence voltage to be transferred between the relays within a timescale <1 ms. For longer lines, PMUs can be located on the buses in IEEE C37.118.1 standard complied extended Kalman filter (EKF) algorithm-based PMUs. PMUs are classified into two types: class P and class M. Class P EKF-based PMUs have faster response times and are suitable for protection applications (Sharma and Samantaray, 2020), (Garcia et al., 2020).
To evaluate the performance of the proposed scheme in the presence of non-linear characteristics of high-impedance faults, the model in Figure 14 was applied (Wang et al., 2019). This model includes two DC sources, Vp and Vn, and corresponding diodes Dp and Dn to form positive and negative half cycle current paths. The two DC sources Vp and Vn simulate the voltage from the arc and are varied randomly and independently. When the instantaneous value vph is greater than Vp, current flows toward the ground and reverses when the instantaneous value vph is lower than –Vn. During –Vn < vph < Vp, no current flows. Changing the value of Vp and Vn increases the randomness and arc suppression time of the asymmetric fault. To simulate the arc resistance that causes the asymmetrical current, Rp and Rn take different values and change randomly and independently.
[image: Figure 14]FIGURE 14 | High-impedance fault model.
In order to assess the proposed protection scheme, various fault types at Line 5 (cable line) were examined. In addition, faults at Lines 4 and 6 were studied for external faults. The frequency of sampling was considered 200 Hz, and the fault was initiated at t = 10 s.
Considering fault location K = 0.9 and fault resistance Rf = 50 Ω in Eqs 1, 3, 5, and 6, the values of Zeq,3P, Zeq,LL, Zeq,SLG, and Zeq,DLG were obtained. If these values were substituted in Eq. 8 and their absolute values were calculated, then the values of |Zα,3P|, |Zα,LL|, |Zα,SLG|, and |Zα,DLG| are 500, 500, 1,500, and 300, respectively. To ensure proper operation, Ci should be considered 15% greater than these values. Therefore, C3P, CLL, CSLG, and CDLG were considered 575, 575, 1,725, and 345, respectively.
5 EVALUATION OF THE PROPOSED SCHEME
FDI3P curves for a 3P fault at 50% of line 5 and 10% of line 6 with a resistance 0.01 Ω in the grid-connected operation mode are shown in Figure 15. For a fault inside the protection zone (at Line 5), FDI3P increases rapidly and holds a positive value. However, for a fault outside the protection zone (at 10% of Line 6), it increases transiently and decreases quickly. By studying different fault types at different locations, M (number of positive FDIi to detect fault) was determined 6.
[image: Figure 15]FIGURE 15 | FDI3P curve for 3P fault in grid-connected operation mode with fault resistance 0.01 ohm at (A) 50% of Line 5 (constantly positive) and (B) 10% of Line 6 (temporary positive).
Tables 1–4 show FDIi values and the proposed scheme response time for the relay at the beginning of Line 5. The fault resistance was considered 0.01–50 Ω. The results show, if a fault occurs at Line 5 (inside the protection zone), FDIi is positive continually. So, after six sequential positive sample trips, a command will be generated for Brk6. In addition, if a fault occurs at the adjacent lines (outside the protection zone), FDIi holds the negative value (similar to normal conditions) or becomes temporarily positive, so the trip command will not be created. This indicates the stability of the proposed scheme during the faults on the adjacent lines and load changes. Nevertheless, the performance of the proposed scheme was evaluated for connecting a load of 40 kV A with a power factor of 0.9 lag to buses E and F at t = 10 s in grid-connected and islanded modes, and the results confirmed the correct performance of the proposed scheme.
TABLE 1 | Proposed scheme performance for three-phase faults.
[image: Table 1]TABLE 2 | Proposed scheme performance for double-line-to-ground faults.
[image: Table 2]TABLE 3 | Proposed scheme performance for line-to-line faults.
[image: Table 3]TABLE 4 | Proposed scheme performance for single-line-to-ground faults.
[image: Table 4]Moreover, these evaluations were repeated for this network with constant impedance loads, and similar results were obtained. In the same way, this protection scheme is implemented for Brk7 at the end of Line 5. Hence, Brk6 and Brk7 will protect Line 5.
The performance of this scheme was also evaluated for all fault types on overhead Line 4, and the results show the correct performance of the proposed scheme.
In contrast to the transmission system, in distribution lines, due to their short length, noise pollution of the data during the transmission is infrequent, and usually, it is not considered. In addition, because of the short length of distribution lines, determination of fault location does not work.
Generally, in the short circuit fault studies, because the fault current is high, the pre-fault currents of the lines and fault inception time are not so important. However, in high-resistance fault studies, the fault current is not high in comparison to the currents of loads of the network. So, load currents and fault inception time may affect the operation of the protection system. To study the effect of pre-fault conditions on the high-resistance fault detection of the proposed scheme, new pre-fault conditions were discussed. In this case, DG3 was turned off, load 1 to load 6 were doubled, and the fault was initiated at 10.005 s (voltage angle was [image: image]). Based on the simulation results, the proposed scheme had correct performance under the new pre-fault conditions. These results confirmed the robustness of the proposed scheme against uncertainties of loads, generations, and variations of fault inception time.
So far, for simplicity, the faults have been modeled by net resistance, and the non-linear properties of the high-impedance faults have been ignored. However, to evaluate the performance of the proposed scheme in the high-impedance faults with non-linear properties (Figure 14), Vp was considered to be varied between 150 V and 170 V and Vn between 145 and 155 V randomly and independently every 0.1 ms. In addition, Rp and Rn were considered to take different values between 15 and 25 Ω and change randomly and independently every 0.1 ms. Based on the simulation results, the proposed scheme operated correctly in the high-impedance SLG and LL faults at different points of the line in both operation modes. Accordingly, the non-linear properties of high-impedance faults did not affect the performance of the proposed scheme. The performance of the proposed scheme for pre-fault condition variation and high-impedance faults is shown in Table 5.
TABLE 5 | Performance of the proposed scheme for pre-fault condition variation and high-impedance faults.
[image: Table 5]Considering that the proposed scheme can detect high-impedance faults, the accuracy of the line parameter value affects its performance significantly. To evaluate this effect, the presence of −5% to +5% error in the considered values for line parameters was studied. The results showed that the proposed scheme does not perform correctly for errors of −5% to −1.5% in the line parameters. In addition, for −1.5% to 0% errors, the proposed scheme can detect faults along the line without any effect, up to 50 Ω fault resistance. For the positive errors, the fault detection capability is limited to the maximum fault resistance shown in Figure 16.
[image: Figure 16]FIGURE 16 | Maximum fault resistance for fault detection in the presence of line parameter errors.
So, the proposed scheme detects all fault types in both operation modes of the microgrid. In addition, according to the results of the investigations, this scheme detects faults in a timeline between 30 and 50 ms, and its average response time is 32.8 ms, which is approximately 34% faster than that of the conventional schemes with a response time of approximately 50 ms.
Furthermore, in order to assess the performance of the proposed scheme in the MV lines, all fault types with different resistances are studied at Line 8. The results for line-to-line and single-line-to-ground faults are illustrated in Tables 6, 7. Evaluations for two other fault types also yielded similar results. Considering the results for all fault types, this scheme detects faults correctly in MV lines too. However, in MV lines, response time is between 30 and 80 ms, and the average response time is 35.9 ms.
TABLE 6 | proposed scheme for line-to-line faults in the MV line.
[image: Table 6]TABLE 7 | proposed scheme for single-line-to-ground faults in the MV line.
[image: Table 7]So, the proposed scheme has advantages compared to the one in Huang et al. (2014). Three subroutines were introduced for detecting solid and low-, medium-, and high-impedance faults in Huang et al. (2014); so, its implementation was complex. However, the proposed scheme detects all faults by the same routine.
In addition, in Huang et al. (2014), the impedance calculated at the end of the line including the absolute value and angle (two quantities) should be sent to the beginning of the line. However, in the proposed scheme, only the absolute value of the positive sequence voltage (one quantity) is sent. This means at least a 50% reduction in data exchange. In addition, the low sampling frequency (200 Hz) is one of the advantages of this scheme compared to that of Huang et al. (2014), with a sampling frequency of 1,200 Hz. So, the lower data exchange leads to more free-up of the communication system for other applications in the microgrid.
Furthermore, one of the properties of the proposed protection scheme is the drastic reduction of Zα,i during the faults compared to under normal conditions. This significantly simplifies the determination of the threshold value of FDIi and is an advantage of the proposed scheme compared to that of Huang et al. (2014). The threshold value in Huang et al. (2014) should have been taken close to the line impedance, which was a small value in short distribution lines, and it could challenge the threshold determination.
In addition, in the evaluation of the proposed scheme, overhead and cable lines were studied in LV and MV networks, while evaluations of the main protection scheme in Huang et al. (2014) were conducted only on the LV overhead lines. Table 8 shows these differences.
TABLE 8 | Comparison of the proposed scheme and the introduced scheme in Huang et al. (2014).
[image: Table 8]6 CONCLUSION
In this article, in order to model short-circuit faults in active distribution networks, new equivalent circuits, including SPS, SNS, and SZS, were proposed by reforming conventional sequence equivalent circuits. Then, equivalent delta circuits of these proposed circuits were achieved using star to delta transformation. A significant change in one of the impedances in these delta circuits was the foundation of the proposed protection scheme for microgrids.
In this scheme, the FDIn index was introduced, which can detect the faults in both grid-connected and islanded modes at LV and MV distribution lines. In addition, the proposed scheme was capable of operating correctly in both overhead and cable lines. Considering its average response time, its performance was relatively fast. Releasing at least 50% of the communications system and the low sampling rate of the measurement were advantages of this scheme. In addition, the possibility of high-impedance fault detection, robustness against network reconfigurations, and load and generation uncertainties were capabilities of the proposed scheme. Additionally, infeed and transient situations did not affect the correct performance of the proposed scheme. It was evaluated by simulating in PSCAD and MATLAB software, and the results confirmed its precision.
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