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Abstract-- Microgrids emerged as an efficient way to integrate 

distributed energy resources and local loads into power 

distribution systems, allowing the local system operation in grid-

connected and islanded modes. However, the microgrids imply 

several challenges for the protection systems, such as the changes 

in fault current path and the decrease of the fault current 

amplitude during islanded operation. Therefore, conventional 

overcurrent protection does not guarantee selectivity, 

coordination, reliability, and adequate trip time in AC 

microgrids. Under this perspective, voltage-based relays have 

been widely investigated as a potential protection for AC 

microgrids. Thus, this paper critically reviews voltage-based 

protection and proposes improvements to an existing technique, 

aiming to simplify the settings and guarantee reliability and 

selectivity among various voltage-based protection devices. The 

results showed that our modifications improved the selectivity 

and reliability of the voltage-based protection compared with the 

original technique and the traditional overcurrent protection 

devices for different topologies of an AC microgrid. 
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I. INTRODUCTION

N recent years, there has been an increased concern about

the availability of electricity, power quality issues, and the

environmental impacts of traditional energy sources. Thus, 

there was an increase in Distributed Energy Resources 

(DERs), mainly renewable sources. In this context, the 

concept of Microgrids (MGs) emerges to maximize the 

benefits observed by the connection of DERs to the system 

[1]. According to [2], an electrical system can be considered a 

microgrid if it has well-defined electrical boundaries, a control 

system to manage and dispatch resources as a controllable 

entity, and a distributed generator capacity exceeding the 

demand of critical loads, so it can operate in islanded mode 

and supply the local loads. Internally, MGs are complex and 

can have different types of distributed generators and energy 

storage systems. However, from the distribution system 

perspective, the MG can be treated as a single controllable 

entity since it can operate by consuming or injecting power 

into the grid [3]. 
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There are no precise requirements for MGs, such as the 

type or capacity of DERs. Anyhow, distributed generation can 

supply at least part of the local loads’ demand, allowing MGs 

to operate either grid-connected or islanded. A typical MG is 

connected to the grid through the Point of Common Coupling 

(PCC), which could benefit the electric power systems and 

consumers, increasing the system’s reliability and reducing the 

assets and losses of the transmission system. However, the 

MGs’ protection and control systems are challenging. So, 

several studies aimed to improve the protection systems and 

adapt to the new operating conditions of MGs [4], [5], [6]. 

An MG could have several DERs connected and change its 

configuration with the connection or disconnection of sources, 

modifying the fault current path and amplitude. Besides, the 

different types of DERs also can change the fault currents and 

create bidirectional power flow. For example, the rotating 

machine-based DERs, connected directly to the grid, have 

high fault currents, whereas inverter-based DERs have a 

limited contribution to the fault current. Besides, the fault 

current reduces drastically on the MG islanded operation 

because there is only the contribution from the distributed 

generation. These MG operation modes challenge the 

conventional overcurrent protection of distribution systems 

since the amplitude and direction of fault current depend on 

the capacity and type of DERs, and the variation of the MG 

operation (grid-connected or islanded). 

Thus, conventional overcurrent protection may not be 

suitable for MGs. Likewise, the islanded MG has lower fault 

currents than the grid-connected mode, which could not reach 

the current pickup value of the conventional overcurrent 

protection defined in grid-connected scenarios. In this context, 

the authors in [7] discuss the performance of commercial 

relays in several MG scenarios, assessing the protection 

selectivity and coordination. According to the authors, the 

commercial relays failed to detect the short circuit or 

incorrectly determined the fault current direction. 

Several authors proposed new protection strategies for 

digital relays to overcome this issue, including voltage-based 

methods. In [8], the authors studied the voltage-based 

protection system using the transform ABC-dq rotating 

system, representing the voltage disturbances in a continuous 

signal. This strategy is independent of the fault current 

amplitude, turning it suitable for islanded MG with high 

insertion of inverter-based distributed generation and effective 

for fault detection. However, the microgrid analyzed has only 

one bus, and the protection system needs communication, 

which makes the method costly. The authors in [9] implement 

a communication-based protection system with overcurrent, 

under/overvoltage, and differential relays. The strategy proves 
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to be effective for several MG operating scenarios and 

topologies, including high impedance faults. However, the 

proposed protection needs to connect a relay on each feeder 

section and a communication system, making this method 

costly and vulnerable to communication failures. 

In [10], the authors proposed a voltage-based relay that 

operates due to changes in the values of the symmetrical 

components. The positive sequence voltage is defined as the 

reference of the method, with a fixed value of the pre-fault 

voltage bus. In contrast, the negative and zero sequences have 

their value changed. The strategy proves to be effective for 

fault detection, but it depends on the MG topology. The 

authors in [11] applied voltage-controlled overcurrent relays, 

which proved to be effective for two-phase faults but failed for 

the three-phase type due to the variation of the fault current 

amplitude. The authors in [12] propose a new time-voltage-

based relay tripping characteristic for directional overcurrent 

relays to ensure protection system coordination. This method 

guarantees coordination with a lower trip time than the 

conventional methods. However, the study only considered a 

fixed MG topology, and the proposed relay may need to be 

adjusted for changes in the topology or the DERs connection. 

In [13], a voltage-based method is proposed depending 

entirely on local measurements, independent of 

communication systems. This method was compared with the 

method proposed in [12], obtaining promising results as the 

previous study, with lower trip times. However, the relay 

current settings depend on prior knowledge about the 

distributed generation arrangements of the MG. So, 

unexpected changes in the MG topology can undermine the 

technique’s performance. 

In [14], the same authors of [13] presented a more 

straightforward method as a function of the short circuit 

voltage without previous knowledge of the DERs connected to 

the grid. A relay starter element is responsible for detecting 

the fault by identifying undervoltage, overcurrent, or high-

impedance faults events. This method presented promising 

results, maintaining coordination and selectivity under any 

tested fault conditions. However, the risks of sympathetic trips 

are very high because the voltage relays installed at adjacent 

feeders are subjected to very similar undervoltages during 

short circuits, which may cause the disconnection of healthy 

feeders due to faults on the other feeders. Hence, the proposed 

voltage-based protection does not guarantee the protection 

security. The method proposed in [15] adapts the pickup 

current as a function of the positive sequence voltage, showing 

a selective and coordinated protection method. However, it is 

still necessary to evaluate the protection for islanded 

microgrids, which present low variation of fault voltage for 

different buses and may impact the definition of the pickup 

current. 

Table I indicates the main characteristics of studies on 

voltage-based protection applied to MGs. In the fourteen 

studies, only [11], [16], and [17] addressed an MG considering 

an energy storage system, inverter-based generators, and the 

rotating machine as DERs. However, [11] does not evaluate 

the protection coordination, and [16] and [17] are 

communication-based protection methods, which are more 

costly and vulnerable to cyberattacks. Besides, all studies 

reviewed do not present a detailed analysis of the 

dependability and security of the proposed protection. 

This paper proposes essential modifications in the settings 

definition and the relay starter to improve and simplify the 

voltage-based relay presented in [14], increasing the 

protection selectivity and reliability. The main contributions of 

this paper are an enhanced version of the voltage-based relay 

and comprehensive tests to evaluate the dependability and 

security of the method, which are not analyzed in [14]. 

Moreover, a comparative study of conventional overcurrent 

and voltage-based methods is presented to validate the 

reliability improvement of the enhanced voltage-based 

protection. 

 
TABLE I 

MAIN CHARACTERISTICS OF VOLTAGE-BASED PROTECTION STUDIES 

Reference 
Distributed Energy Resources 

COORD COM ADPT 
RMDG IDG ESS 

Al-Nasseri et al (2006) [8] ✓ ✓ - - ✓ - 

Sortomme et al (2010) [9] ✓ ✓ - - ✓ - 

Wang et al (2011) [10] - ✓ ✓ - ✓ - 

Ma et al (2013) [18] ✓ - - - ✓ ✓ 

Wang et al (2014) [11] ✓ ✓ ✓ - - - 

Saleh et al (2015) [12] ✓ ✓ - ✓ - - 

Jamali and Borhani-Bahabadi 

(2017) [13] 
✓ - - ✓ - - 

Núñez- Mata et al (2018) [16] ✓ ✓ ✓ ✓ ✓ ✓ 

Jamali and Borhani-Bahabadi 

(2019) [14] 
Not specified ✓ - ✓ 

Mishra et al (2020) [15] ✓ ✓ - ✓ - - 

Ranjbar et al (2020) [19] ✓ ✓ - - ✓ - 

Mohanty et al (2020) [20] - ✓ ✓ ✓ - ✓ 

Ebrahimi et al (2022) [21] - ✓ ✓ ✓ - ✓ 

Hoang et al (2022) [17] ✓ ✓ ✓ ✓ ✓ ✓ 

Enhanced Method ✓ ✓ ✓ ✓ - ✓ 

RMDG - Rotating Machine Distributed Generator; IDG - Inverter-based 

Distributed Generator; ESS - Energy Storage System;  

COORD - Coordination; COM - Communication; and ADPT - Adaptative 

relay settings for different microgrid operation modes. 

II.  VOLTAGE-BASED RELAYS 

Voltage-based protection methods applied to fault detection 

for MGs commonly use the voltage drop in the faulted phases 

of the system. These protection methods are advantageous for 

MGs because they do not depend on the fault current 

amplitude. However, defining a single pickup value suitable 

for the different MG operation modes and DERs connections 

is challenging. Furthermore, because islanded MGs are weaker 

than grid-connected MGs, the voltage variations caused by 

faults are more severe, favoring the application of voltage-

based relays. On the other hand, traditional overcurrent 

protection is more likely to fail for faults in islanded MGs. 

Voltage-based protection has the challenge of maintaining 

protection selectivity and security since the nodal voltages due 

to faults can be very similar. MGs are delimited in smaller 

areas than distribution systems, and the electrical distance 

between the system nodes also decreases, leading to similar 

fault voltages of the backup and primary protection relays. 

Besides, two voltage relays installed in lateral branches may 

read the voltage of the same node, leading to sympathetic trip 



of healthy branches. Then one relay may operate for an 

external fault, compromising the selectivity and security of the 

protection. 

To solve the previous issues, the authors in [14] presented a 

combination between the time-overcurrent relay curves and 

undervoltage protection philosophies to unite their advantages. 

So, the authors proposed the relay operation curves described 

by (1) and (2), where D indicates the minimum protection trip 

time, considered 30 ms in this paper; 𝑉𝑠𝑐  is the voltage 

measured by the relay during the short circuit; 𝐴, 𝑝, and 

𝑚 are the curve parameters, and TDS is the time dial setting. 
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Equation (1) results in a trip time for any voltage value, 

even if the 𝑉𝑠𝑐 = 1. So, the authors proposed the relay starter 

criteria to prevent the relay trip during a regular MG 

operation. Then, the authors defined voltage and current 

thresholds values and established two criteria for fault 

detection: voltage lower than the voltage threshold 𝑉𝑠𝑐<Vthr 

or current higher than the current threshold 𝐼𝑠𝑐 >Ithr. 

Furthermore, the proposed voltage-based relays are 

directional. If at least one criterion from the relay starter and 

the directionality are satisfied, the relay operates with the time 

resulting from Equation (1). 

However, the relay starter proposed in [14] does not 

mitigate the main challenges of voltage-based protection, such 

as security. Also, the protection settings of the method are a 

complex task depending on the size of the MG and the 

position of the relays because reverse power flow relays in 

lateral branches require that inverter-based generators be 

considered installed individually at the laterals to be set. So, if 

the number of terminal branches with reverse relays increases, 

the simulations to obtain these relays settings will increase 

too. 

A.  Enhanced Method 

To improve the security of the strategy described in [14], 

the relay starter was modified to require both voltage and 

current to surpass their thresholds simultaneously, which 

means the relay will trip if both requirements are 

accomplished. The flowchart shown in Fig. 1 indicates the 

relay starter of the enhanced method. Note that if branches’ 

relays are connected to the same bus, the voltage in both 

relays will be the same. However, the current of healthy 

branches will not exceed the current threshold, preventing 

sympathetic trips. 

To avoid the loss of protection reliability, adaptive voltage and 

current thresholds were defined depending on the MG 

operating mode. For grid-connected scenarios, the fault 

current thresholds were determined, such as the inverse time 

overcurrent protection, as 1.5𝐼𝑛, which 𝐼𝑛 represents the of 

load current considering the base scenario (grid-connected 

system without DERs). For the islanded MG, the fault currents 

are lower. So, the threshold was defined as the base scenario 

load current to maintain protection security. The voltage 

threshold for grid-connected scenarios is defined to guarantee 

protection security, and it was set in 1 p.u. In the islanded MG, 

the voltage threshold is responsible for the protection 

dependability with values defined as [14] in 0.85 p.u. It is 

important to highlight that the security parameters are 

sensitive to not spoil protection dependability, avoiding the 

protection trip for events of undervoltage or overcurrent alone. 

 

 
 

Fig. 1.  Relay starter flowchart. 

 

Besides, the proposed voltage-based relay settings method 

simplified the relay settings definition of [14] to reduce the 

number of required scenarios. Thus, the following steps 

describe the proposed relays settings method: 

•  Define the parameters m and TDS for the direct power 

flow relay for three-phase faults at the end of each feeder in 

the grid-connected system without DG. The primary 

protection relays settings are adjusted. Later, the TDS and m 

parameters of the backup relays are defined to maintain the 

coordination. This paper adopted the Coordination Time 

Interval (CTI) between primary and backup protection as 200 

ms, 

• Readjustment of backup protection direct relays 

parameter m considering the islanded MG with all the 

predefined DERs. In this scenario, the value of m defined 

must be less than the value for the grid-connected cases, 

•  Define the reverse relays settings for three-phase faults 

at the PCC in the islanded scenario considering all the DERs 

in operation. 

The proposed relay settings definition needs only two 

operation scenarios to set all relays regardless of the number 

of lateral branches in the distribution systems. So, for a system 

with three lateral branch relays, the number of scenarios 

would be reduced by half compared to the relay settings 

method proposed in [14]. 

III.  DESCRIPTION OF THE MICROGRID 

The electrical system analyzed was a modified 14-bus 

CIGRE European Configuration system for a frequency of 60 

Hz. The system is described in [22] and has constant 

impedance loads as residential and industrial consumers. Fig. 

2 shows a single-line diagram of the test system with all the 

DERs and voltage-based relays.  



 
 

Fig. 2.  Microgrid single-line diagram. 

 

The synchronous generator has a capacity of 5 MVA with 

6.6 kV and a frequency of 60 Hz, based on [23]. The 

synchronous generator controls the active and reactive power 

in the grid-connected scenarios and the voltage and frequency 

during islanded system operation. The transition from PQ-

control to Vf-control has a delay of 100 ms, which may 

change depending on the islanding detection strategy used. 

The details of the islanded detection method are out of the 

scope of this paper.  

This study considered the average model of the inverter of 

the photovoltaic system, with power of 1 MVA and 

configured to control active and reactive power (PQ-control) 

with unitary power factor in all scenarios. The modeled 

average model of the battery storage system has a capacity of 

1 MVA, maintaining PQ-control in grid-connected systems 

and Vf-control for islanded operation without the synchronous 

generator. The analyzed scenarios described in Table II 

represent each study case’s system loads, power, and 

connection of energy resources. It is noteworthy that scenario 

5 (based only on inverters-based generators) could only be 

considered with the storage system modelling to maintain the 

grid voltage and frequency reference because the photovoltaic 

panels commonly operate with PQ-control.  

The fault cases considered are described in Table III, where 

each row represents the number of scenarios for fault type, the 

resistance of fault, fault incidence angle, location of the fault, 

MG scenarios described in Table II, and protection method 

analyzed. Thus, the combination of each row represents the 

total number of simulations, with 3000 cases for each 

protection method analyzed. This study focused on the critical 

analysis of voltage-based protection methods. So, it was 

considered that the directional relay function correctly 

identified the current direction in all investigated cases. The 

test system with all DERs and respective controls was 

modelled in the PSCAD/EMTDC software, in which it was 

also performed the short circuit simulations. 

 

 

TABLE II 

MICROGRID SCENARIOS 
Scenario Loads MG DER Active Power Reactive Power 

1 24.16 MW 
6.07 Mvar 

GC - - - 

2 24.16 MW 
6.07 Mvar 

GC SG 4.88 MW 0.52 MVAr 

3 
24.16 MW 
6.07 Mvar GC 

SG 4.89 MW 0.53 MVAr 
PV 1 MW - 

BESS 1 MW - 
4 4.32 MW 

1.43 Mvar 
IL SG* 4.11 MW 1.24 MVAr 

5 1.73 MW 

0.57 Mvar 
IL PV 1 MW - 

BESS* 0.79 MW 0.33 MVAr 

6 
4.32 MW 

1.43 Mvar IL 
SG* 2.17 MW 1.13 MVAr 
PV 1 MW - 

BESS 1 MW - 
Microgrid (MG): GC = Grid-connected; and IL = Islanded. 
Distributed Energy Resources (DER): SG = Synchronous Generator;       

PV = Photovoltaic System; BESS = Battery Energy Storage System; and     

* indicates the DER with Vf-control. 

TABLE III 
FAULT CASES ANALYZED 

Variables Description Cases 
Fault type LG, LLG, LL, LLL/LLLG 5 

Fault Resistance (Ω) 0, 10, 20, 30 and 40 5 
Fault Incidence Angle 0° and 90° 2 

Fault bus B2, B3, B4, B5, B6, B7, B8, B9, B10 and B11 10 
Scenarios 1, 2, 3, 4, 5 and 6 6 

Protection Method Overcurrent, JVP Method and Enhanced Method 3 
 

IV.  RESULTS AND DISCUSSION 

This section shows the performance of the voltage-based 

relay with proposed modifications (Enhanced Method), the 

method described in [14], called the JVP method (Jamali 

Voltage-based Protection method) and the conventional 

overcurrent protection. 

A.  Conventional Overcurrent Protection 

The overcurrent relays operate with the instantaneous and 

time-overcurrent settings. These relays do not have 

directionality. So, the backup relay (R-34 and R-38) protection 

zones change with the operation scenario due to the different 

connections of DERs. Thus, Fig. 3 represents the colormap of 

the relay success rate for fault resistances considering all 

analysis scenarios. The colormap lines represent the 

overcurrent relays, and the columns represent the fault 

resistance. The colors show the success rate of the overcurrent 

relay, and red indicates the lowest percentage.  

 

 
 

Fig. 3.  Success rate of conventional overcurrent protection. 

 

 



Note that low accuracy levels are associated with higher 

values of fault resistance, which characterize a reduction in 

fault current. Besides, the scenario changes affected only the 

performance of the backup protection relays. The primary 

protection relays present a success rate of almost 100% in all 

fault scenarios. However, the fault current reduction could 

slower the relay trip time. So, Fig. 4 represents a boxplot of 

the primary relay trip times, in which the median value is 

higher than 300 ms when the desired value is less than 100 ms. 

 

 
 

Fig. 4.  Primary relays trip times for overcurrent protection. 

 

B.  JVP Method 

The JVP method was tested for the same six scenarios, and 

the success rates were separated by fault resistance, as 

presented in Fig. 5. Note that for R-32, R-56, R-87, and R-89 

relays, not even the faults with Rf = 0 obtained a success rate 

close to 100%. These relays operated for the change in the GS 

control from PQ-control to Vf-control during the transition 

from grid-connected to the islanded operation of the MG. This 

event generated a temporary voltage reduction in scenarios 4 

and 6. Despite the reliability of the directional method, the 

primary protection relays R-56, R-87 and R-89 will always 

have direct power flow. So, they can operate for faults outside 

their protection zones (sympathetic trips) since the 

undervoltage criterion is enough for the relay to trip. In the 

scenarios only with inverter-based generators, all the relay 

locations experienced very low voltages. To exemplify this 

situation, Fig. 6 indicates the RMS fault voltages of the relays 

on each bus of Scenario 5 for an LG fault. Observe that the 

voltages measured by the relays during the fault are very low 

for both conditions of fault resistances, which can spoil the 

selectivity and security of voltage-based protection if it is not 

set properly. 

 

 
 

Fig. 5.  Success rate of JVP Method. 

 

 
 

Fig. 6.  Voltage behavior in Scenario 5 for an LG fault on bus 6. 

 

C.  Enhanced Method 

The Enhanced Method obtained higher success rates than 

the previous methods, as presented in Fig. 7. Note that the 

highest fault resistances slightly reduced the relay accuracy. 

Besides, the Enhanced Method reduced the incorrect operation 

(the sympathetic trips) compared to the JVP Method. Fig. 8 

shows the current and voltage on relays R-89 and R-87 for an 

LG fault with Rf = 20 Ω on bus 11 for Scenario 5. In the 

islanded scenarios, the current thresholds of the Enhanced and 

JVP Methods are In and 1.5 In, respectively, which are both 

exceeded by the fault current. The fault voltage on bus 8 (for 

both R-87 and R-89 relays) is lower than the threshold of both 

methods, which are set at 0.85 p.u. So, the JVP relays R-87 

and R-89 trips for the fault on bus 11, while the Enhanced 

Method prevents the sympathetic trip. This improvement was 

obtained because the relay starter of the Enhanced Method 

depends on the fault current, which is not exceeded by the 

current of relay R-87. In addition, this strategy does not 

compromise the protection trip time like the conventional 

overcurrent method since the primary relays had average trip 

times close to 150 ms for grid-connected and islanded 

scenarios. 
 

 



 
 

Fig. 7.  Success rate of Enhanced Method. 

 

 
 

Fig. 8.  Voltage and current oscillography for an LG fault with 𝑅𝑓 = 20 Ω 

on bus 11 – Scenario 5. 

 

D.  Comparative Study 

Fig. 9 shows an overall assessment of the three methods for 

the six analyzed scenarios, where Correct Operation indicates 

the reliability of the technique (dependability+security), 

Operation Failure indicate the non-operation of the protection 

for fault scenarios within the relays protection zones, False 

trip represents the protection operation for events that are not 

classified as faults, and Incorrect trip indicates the protection 

operation for faults outside the relay protection zone 

(sympathetic trips). Note that the JVP Method could trip in 

most fault conditions analyzed (higher dependability). 

However, the protection security (incorrect trips and false 

trips) compromised the performance of the JVP method, 

which was lower than the conventional overcurrent protection 

method. The main drawback of the overcurrent method is the 

lack of dependability due to the lower fault currents, mainly in 

the islanded scenarios.  
 

 

 

On the other hand, the Enhanced Method operated correctly 

for most of the analyzed cases and mitigated the security 

issues observed in the JVP method. Besides, the Enhanced 

Method had the best reliability and success rate among the 

three protection methods investigated in this paper. This 

comprehensive analysis of the protection reliability shows that 

the methods with the highest dependability are not always the 

most efficient, especially for MGs protection. Since the MGs 

may present oscillations due to changes in the operating mode 

or the disconnection of DERs that can generate false trips or 

sympathetic trips of the relays, compromising the protection 

security and the MG operation.  

Fig. 10 indicates the CTI of the relay pairs of the three 

methods considering all analyzed scenarios. All CTI medians 

are above the 200 ms line, with just some outliers violating the 

coordination condition. However, due to the fault current path 

changes, the overcurrent backup relays tripped for less than 

half of the cases for grid-connected scenarios, reducing even 

more for the islanded system. The JVP and Enhanced Methods 

were not affected by the islanded operation and presented 

similar coordination performances, which was expected 

because they were adjusted with the same parameters m and 

TDS. However, the relay starter differs, changing the cases in 

which the backup protection trips, and the CTI could be 

analyzed. 

 
 

 
 

Fig. 9.  Overall performance of the analyzed methods. 

 

 
 

Fig. 10.  Coordination time interval. 

 



V.  CONCLUSIONS 

The analysis of faults in MGs shows that high fault currents 

and lower voltage drops characterize grid-connected scenarios. 

However, faults in the islanded system have expressive 

voltage drops and lower fault currents, impacting current-only 

protection methods. The voltage mapping indicates a slight 

variation of voltages in the system buses during the fault, 

which can spoil the selectivity and security of methods based 

only on voltage. The comparative study showed the 

superiority of the enhanced approach against the other two 

analyzed methods since the conventional overcurrent is 

limited to fault currents amplitudes, and the JVP Method did 

not achieve protection security for several operating scenarios 

not analyzed in [14]. Thus, the enhanced method guaranteed 

the same coordination performance as the JVP method, with 

higher immunity against false and incorrect trips and more 

reliability through several transient simulations. Future studies 

will evaluate the voltage-based relay performance with 

changes in the MG topology. 
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