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Abstract— Microgrid presents an efficient and novel solution for integrating many new energy
generating resources with traditional distribution networks. Having an appropriate protective
scheme is a fundamental challenge in achieving microgrid plans. It is proven that traditional
protective plans are not efficient for protecting microgrid, since the network is dynamic and the
level of fault current changes continually. Accordingly, this paper presents a novel method to
detect fault in microgrids. Presented plan of this paper is based on calculating harmonic
impedance. Harmonic impedance can be calculated using linear analysis in frequency domain.
Generally, in this plan, communicative equipment is applied to monitor the network, and a
Supervisory Remote Control Unit is used for calculations and commanding. Using this controller,
the proposed method would be able to use online calculation for fault detection and unlike studies
which use offline data, the proposed method is not limited to a special structure. Using the
proposed method, different type of faults, especially high impedance faults, are detectable and
locatable. Consequently, the presented method provides many features for protective system such
as selectivity and also ability to detect symmetrical, asymmetrical, and high impedance faults. In
addition, fault detecting is independent from microgrid control system and hence reliability and
flexibility of protection and control system increased. The presented method is applied to IEEE 14
buses test network. The obtained results are reported and discussed.
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1. INTRODUCTION

Microgrid is an active distribution network which consists of distribution generation (DG) resources,
variety of loads in distribution level, and energy storing units. Microgrid can operate both in islanded
mode or connected to the network. Operating in islanded mode increases reliability of the system and is
one of the important advantages of the microgrid [1]. Despite all the advantages it presents, application of
microgrid still remains at the experimental and investigative level due to different challenges such as
protective issues which are the most important issue regarding microgrid usage[2].

Existence of DG resources in microgrid and their contribution in supplying fault current have caused
complexities in analyzing direction and magnitude of fault [3]. In addition, microgrid capability of
operation in two normal and islanded modes and their significant difference in fault levels have caused
many problems for traditional protections of distribution networks some of which are explained in [4].

Different plans have accordingly been proposed to transform traditional protection of distribution
networks and provide better fault identification in microgrids. Accordingly, studies [5] and [6] reviewed
these different protective plans and analysis of fault detection for microgrids. Studies [7] and [8] suggest
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adaptive protection based on local data. In this plan, setting associated to each protective relay is saved in
the memory of relay for each operation mode. Thereby, the relay detects operation mode and selects new
setting according to detected mode and operates accordingly. [9, 10] have challenged offline setting due to
two reasons. First, this method calls for a lot of free memory to be able to save all possible situations of
network, and second, since microgrid is dynamic, this method would not be able to cover all possible
situations. So, using online methods provides the advantage of being able to deal with all possible
situations of microgrid [11]. Therefore, in studies [12, 13] merging a new element called solid state
transformer to microgrid and using its capabilities to detect fault online is proposed. These new
transformers can isolate the primary and secondary windings of transformer and thus, a fault in each side
can not affect the other side. This makes fault detection in microgrid easier. But, on the other hand, using
these transformers increases exploitation cost and also these transformers are still under study. Thus, more
practical methods for fault detection in microgrid are proposed. Authors in [14, 15] detect fault using error
signal which is created by monitoring output voltage of DGs which is transformed into dq axis. In [16],
Thevenin impedance of network is calculated periodically, and reduction in the amount of this impedance
represents fault occurrence in network. In this method, only three-phase faults are detectable. Authors in
[17] have detected fault using fault current of steady state network equivalent reduction. In this study,
relays calculate fault current of steady state network equivalent reduction periodically and update their
settings accordingly. Studies [18, 19] detect faults by extracting the transient components from network
distortions using wavelet transform. The wavelet transform breaks the transients down into a series of
wavelet components, each corresponding to a time domain signal which covers a specific frequency band
containing more detailed information. In this method, fault is detected with respect to changes of
frequency component behavior which are caused by wavelet transform. Another application of wavelet
transform is in extracting data of traveling waves which was proposed in [20]. The main problem of using
traveling waves is that protective devices malfunction when they energize the feeder or perform the
switching operation. Study [21] detected faults using S-transform. The S-transform is an extension to the
wavelet transform and has basis on a moving and scalable localizing Gaussian window. According to [22]
using harmonic analysis is a powerful method to identify faults in traditional networks. Similarly, faults in
microgrid are detected using harmonic analysis in studies [23, 24]. In [23] faults are detected by
monitoring the total harmonics distortion (THD) of the terminal voltage of an inverter DG unit. In faulty
situations the impedance at the inverter terminals increases because the low-impedance distribution
network is disconnected, leaving only the local load. In consequence, current harmonics in the output
current of the inverter will lead to an increase in the magnitudes of voltage harmonics in the terminal
voltage. Another harmonic analysis to detect fault is presented in [24]. This study uses the proportion of
zero sequence current to positive sequence current of fifth harmonic (—%2-) to detect fault. Since the
applied method of this paper uses zero sequence current to detect fault, by this method, only phase to
ground faults are detectible. Accordingly, with respect to studies [25, 26] the most important problem in
all studies is that they are unable to detect High Impedance Faults (HIF). In addition, methods presented in
[16, 24] are only able to detect three-phase faults and phase to ground faults respectively. And also,
presented method of [20] is only able to detect distortions and it is unable to identify distortion type. In
addition to these problems, many of these analyzed methods (such as studies [14, 15]) are appropriate for
only a single operation mode of microgrid while microgrid itself is dynamic and is able of operating in
different operation modes [26].

Since in HIF voltage drop is very low and fault current magnitude almost equals load current, studies
have proposed different methods in order to detect such faults. Accordingly, in [25, 27-28] differential
current measurement, has been used [29] has used negative sequence of current, and the author in [21] has
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used differential energy level in order to detect such faults. But referring to [26], since fault current is low,
such a methods would not be appropriate for detecting HIFs.

According to problems and defects in fault detection issues in microgrid and especially during HIF,
developing a new method is essential. Thereby, this paper presents a novel method to identify location and
type of fault in microgrids. The present method is based on calculating harmonic impedance in different
buses, using Supervisory Remote Control Unit (SRCU) with linear analysis in frequency domain. This
method requires communicative connection for calculating values of harmonic impedance in buses and
issuing required commands by SRCU to associated switches for having a quick fault removal. The method
proposed in this paper is capable of detecting all symmetrical, asymmetrical, and high impedance faults.
Another feature of this paper is that it is independent from the network condition in a way that enables it to
detect faults in any operation mode and any situation. This considerably improves reliability of proposed
method. In addition, proposed method of this paper is independent of microgrid control system and is
applicable without applying any changes to control system. To depict efficiency of proposed method, it is
applied to IEEE 14 buses network. Results show the efficiency of proposed method in detecting faults.

The structure of this paper is as follows. In the second part, structure of protective systems and SRCU
are presented. Formulation, new algorithm to calculate harmonic impedance and detect different faults of
microgrid and sample network are presented in section 3. Finally, in the fourth part simulation results and
identifying different faults, using presented method are analyzed.

2. PROTECTIVE SYSTEM WITH SRCU AND COMMUNICATION

Dynamic structure of microgrid and its flexible operation increases the necessity of applying a new
protection plan. For this purpose, SRCU whose efficiency has been proven is applied [30]. Such a
protective system is depicted in Fig. 1 [31].

Utility Grid
Coupling
Transformer
. . R1 . .
Microgrid Microgrid
R2 B R3 R4|§§ SqQR5 R6 sqQR7

€D | [Cot] €D |[oam] € | [Coam

SRCU

Fig. 1. General topology of presented plan [31]

As depicted in Fig. 1, all switches, DGs, feeders, relays, and loads are connected through connective
lines to SRCU. In this method, the information of each zone, including the number of DG units, the
number and name of the buses, the amount of load existing in each bus of each zone, and characteristics of
the power switches of each zone and its DG units should be given to the SRCU as input data [31]. These
data are given to the system in the proposed method of this paper.

In this scheme, the SRCU first decides if the detected fault is in the network or in the DG unit. In the
latter case, the SRCU waits for the protective system of the faulted DG unit to detect the fault and to
disconnect the unit from the network. Then, the power switch of the DG unit sends a signal to the SRCU,
requesting it to perform the analyses necessary for the new situation. The SRCU is capable of storing and
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analyzing the short circuit online and can communicate with other devices such as the power switches of
the zones and the relays of the DG units [32].

If fault is located at system buses, SRCU carries out linear analysis in frequency domain online, and
indicates fault location calculating harmonic impedance which is seen from each bus, and issues breaking
command to power switch of faulted location and power switches of DGs which are located near faulted
location. Therefore, only faulted location is separated from the system and other parts of it continue their
normal operation. Method of calculating harmonic impedance, which is a new method in identifying
location and type of faults in microgrid is presented later.

It should be mentioned that according to the method presented in [30], such protective system
requires strong communication infrastructure according to IEC61850. Another issue to mention is that
data must be transferred to the SRCU synchronized. Since the purpose of this paper is developing a fault
detecting method to solve microgrid protection problems, like similar studies such as [25, 33], it is
assumed that data is transferred to the SRCU synchronized.

3. NEW METHOD AND TEST
a) New method of identifying faults in microgrids

The main problem of studies associated with microgrid protection and fault detection in this era is
inefficiency of proposed methods in all exploitation situations of microgrid and inefficiency while the
fault current is low. Accordingly, in the proposed method, presenting a method which is both practical in
all microgrid situations and able to detect different faults is considered. Thereby, the presented method
detects fault with respect to harmonic impedance calculation in all buses. Therefore, all calculations are
done in the frequency domain. In this analysis, nonlinear loads in different harmonics are considered as
sinusoidal current sources having frequency of associated harmonic [34].

Considering N buses network as depicted in Fig. 2 which has a harmonic source at kg bus, in this
figure the current flowing from the k; branch (1) is calculated using Eq. (1).

i = Y Ve —Vi) (1)

where v, and v, are voltage of ky and i, bus respectively, and vy, is the admittance of branch
connecting to these buses.

Bus m

0=
Fig. 2. N buses power network with a harmonic source at bus k [34]
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If buses of the network were numbered like 012..,N and bus 0 referred to reference bus, then
injected current harmonic (1,;) can be calculated using Eq. (2) and Kirchhoff rule. This current is equal to
all harmonic currents which are flowing thorough k;, bus.

N N
e = Z i = Y Vi —V5) 2
i=0 i=0
N N
Iy = 2 YiiYe = ZYiVi (3)
i=0=k i=1#k

Since system is considered linear in each harmonic, Eqg. (3) is obtained.
Rewriting Eq. (3) for all network buses results in all functions which describe network. It is presented
in Eq. (4).

0] [Yi1 Yip - Yoy [Van
Ien [={ Yia  Ye2 - Yin | Vin (4)
L0 YNt YNz o Yan Ve

where v,, and v, are acquired using Eq. (5) and Eq. (6) respectively.

N

Yik = 2 Vi (5)
i=0=k

Yii = Yik (6)

If number of harmonic sources is more than unit, Eq. (4) is rewritten as Eq. (7).
REANAVAL ©)

In this equation, 1" is a column vector having dimension of N . Elements of this vector show current
harmonic sources in different buses of the network in hy, harmonic.y) is admittance matrix of the
network in hy, harmonic and it isa NxN matrix. v" is a column vector having N dimension. Elements of
this vector show voltage harmonic sources in different buses of the network in ny, harmonic. Accordingly,
Eqg. (7) can be rewritten as Eq. (8).

h h 1 h h h
V=Yl 1T =20 (8)

where z) is the network impedance matrix in hy, harmonic, having NxN dimension.
Extending Eq. (7) according to my, row results in Eq. (9).

N N
h h -h h
Vi =212 A = 2 Vmi 9)
k1 busmk o

Harmonic impedance of hy, order from my, bus view (zf}) can be obtained solving Eq. (10).
vh=zh h (10)

Accordingly, injecting a current equivalent to 1P in my, bus, harmonic impedance from the view of
this bus can be acquired using Eq. (11).
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Zp =Va (11)

Namely the value of the voltage which is acquired solving matrix presented in Eq. (8) is equal to
harmonic impedance from the view of the same bus.

The fact that power network transformers show different phase shift depending on method of primary
and secondary winding is an important issue to be considered. This is because phase angle between
primary and secondary voltage and current depends on order of associated harmonic and phase difference
of transformer between primary and secondary in main frequency. This issue makes vy, —matrix
asymmetrical, when transformer admittance (v;") is inserted in associated equation and thereby inversing
methods become impractical for sparse and big matrices which are required in harmonic calculations of
Eqg. (8).

In [34] a changed harmonic model of transformer is presented to cope with this problem. Using this
model and assuming that harmonic resources are independent of each other, superposition principal can be
used and each sentence of Eq. (9) can be calculated separately to obtain vi,. To calculate each sentence,
harmonic impedance matrix can be created ignoring transformer phase shift (z,'.). Accordingly, a part of
harmonic voltage of bus m, which is created using current harmonic i, can be acquired using Eq. (12).

h* _ _h*  :h
Vm = Zpye Ik (12)

where z. s the element associated with row m and column k of z; matrix.

Location of injecting current changes when calculating Eqg. (9). Accordingly, vi* should be
appropriately phase shifted to calculate vf, . This can be done according to Eq. (13) [34].

AN . oh
Vim = kz_zlvm,k- eXp(JHm,k) (13)
where o} is harmonic phase difference between bus m and bus k and is obtained using Eq. (14) [34].

h h h
Omk =0, +0r, (14)

where 9Thl and 9?2 are harmonic phase shifts of 1, and T, transformers respectively and their value is
obtained using Eqg. (15).
0" = (h—1) Gy asic (15)

where g, IS phase difference between primary and secondary voltages of transformer in main
frequency.

Accordingly, voltage of each bus in h, harmonic can be calculated and using Eg. (11) harmonic
impedance of each bus in hy, harmonic is obtained.

Acquired harmonic impedance of Eq. (11) for each bus equals value of Eq. (16) where h is harmonic
order, | is inductance for length unit, and d is distance to fault location. Assuming | to be constant in
different harmonic orders, parameter of d identifies harmonic impedance, seen from each bus, to fault
location. Thereby, if for instance in Fig. 2 a fault occurs between k and i buses, and closer to bus k,
harmonic impedance which is seen from bus k would be smaller than harmonic impedance which is seen
from other buses.

Zh =27 thid (16)

Using the presented equations and unbalance harmonic load flow which is presented in [35],
spectrum of harmonic impedance of each phase of each bus can be acquired. After calculating single
phase and three-phase harmonic impedance of different buses of network, different faults of microgrid can
be identified using Fig. 3.
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Fig. 3. Presented algorithm for identifying faults in microgrids

As it is clear, presented algorithm is capable of detecting symmetrical and asymmetrical faults and
also high impedance faults. This algorithm finds single phase and three-phase spectrum of harmonic
impedance separately. If these two spectrums match, either fault has not occurred or symmetrical fault has
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occurred. Each of these probabilities should be analyzed using the presented method in algorithm.
Otherwise, asymmetrical fault has occurred in one of the lines of the network.

One important advantages of the proposed method is that fault detection for high impedance faults is
carried out using the same method as for solid faults. In order to detect high impedance faults previous
studies mainly used different method of fault detection rather than the method of fault detection for solid
faults. This issue challenges usage of these methods simultaneously in order to cover all kinds of faults.
But, using the proposed method of this paper, there would be no problem considering the type of the fault.

b) Case Study

Fig. 4 depicts the case study used in this paper. This network consists of 9 bus bars and 5 DG units.
This network has 11 load points the demand of which is 259 MW and 81.3 Mvar. More details associated
to this network are available in [36]. This network is corrected by installing two harmonic sources. The
first source is a 2400 HP medium voltage speed regulating system which is attached to bus 9. The second
source is a 220 kVA harmonic generating furnace which is installed at bus 4 and generates harmonics
which are multiple 6 [34].

Fig. 4. IEEE 14-bus test system [36]

4. SIMULATION RESULTS

To prove efficiency of the presented method, different symmetrical and asymmetrical faults are applied to
case study and reactions of the SRCU against these faults are analyzed and recorded.
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a) Network without fault

SRCU calculates single phase and three-phase harmonic impedance of each bus repeatedly to identify
probable faults and issue the required command for clearing them. If there was no fault in the network,
single phase and three-phase spectrum of harmonic impedance of different buses would be like Fig. 5 and
Fig. 6. As is obvious, impedance spectrum of any of buses in any of harmonic orders is not zero. For
example, despite spectrum of harmonic impedance of bus 1 is near zero, but it is not constant and in the
next peak it increases to a value near 10 ohms. This indicates that there are no faults in the network.
Another point to be considered is consistency of these figures. As mentioned in the presented algorithm,
single phase spectrum of harmonic impedance in cases that there is no fault or there is a symmetrical fault
is completely similar to spectrum of three-phase harmonic impedance. This issue is used to identify
whether a fault is symmetrical or asymmetrical in this paper.
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Fig. 5. Frequency spectrum of three-phase harmonic impedance in Cartesian coordinates
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Fig. 6. Frequency spectrum of single phase harmonic impedance in Cartesian coordinates
b) Symmetrical faults
Figure 7 depicts spectrum of harmonic impedance of the network which is obtained by SRCU during

fault in a line. As it is clear, harmonic impedance in buses 2 and 4 are zero for all orders of harmonic.
Figure 8 presents situation of harmonic impedance of these buses and is obtained by scaling Fig. 7.
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Fig. 7. Three-phase harmonic impedance of the network during a symmetrical fault between buses 2 and 4
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Fig. 8. Situation of impedance spectrum of two buses which are located near symmetrical fault location

As it is clear from Fig. 8 harmonic impedance in buses 2 and 4 is almost zero in all orders of
harmonic. Comparing this figure with Fig. 5, which presents situation of spectrum of harmonic impedance
in normal situation, it can be concluded that fault has occurred in the line between buses 2 and 4. In
addition, since harmonic impedance in all orders of harmonic is zero, the fault is permanent. Therefore,
presented method can easily distinguish permanent faults from transient faults and switching and
energizing feeders. SRCU sends cut off command to breakers which are located at the end of line between
buses 2 and 4 as soon as it observes impedance spectrum of Fig. 8 and identified that fault is permanent.

After the presented method identified between which buses the fault is, it is able to identify whether
fault is closer to each bus. So the exact location of fault is identified. As presented in the algorithm of Fig.
3, the least value of harmonic impedance in peak point is for bus closest to fault. Hence, according to Fig.
8, harmonic impedance of bus 2 has the least value in its peak, so fault is nearer to bus 2.

Figure is presented to analyze impedance spectrum of each phase for fault between buses 2 and 4.
Since the occurred fault is a symmetrical fault, the waveforms of different phases are coincident. As
shown, impedance spectrum of each bus is in complete accordance with three-phase impedance spectrum
which is presented in Fig. 8. Hence, by comparing this spectrum with three-phase spectrum which is
presented in Fig. 8 SRCU demonstrates the fault is symmetrical.
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c) Asymmetrical faults
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According to of Fig. 3, asymmetrical faults are detectable by calculating harmonic impedance in each
phase of each bus in different harmonic orders. The method of detection is similar to the method presented

in symmetrical faults.

Figures 10 and 11 represent three-phase and single phase harmonic impedance respectively in
different harmonics and during occurrence of an asymmetrical fault. As shown, unlike symmetrical faults
and normal situation of the network, these figures are not identical. Therefore, it can be concluded that an
asymmetrical fault has occurred. According to Fig. 11, harmonic impedance of buses 13 and 14 for phase
A is almost zero in all harmonic orders. So fault occurred in phase A of the line between these buses. But
comparing impedance of these buses at peak, the impedance of bus 14 in phase A is shown to be smaller.

Hence the fault is certainly nearer to this bus.
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d) High impedance faults

Impedance of HIFs may vary from 0 to 300 Ohms [37]. Figure 12 depicts frequency spectrum for this
kind of fault between buses 13 and 14 with impedance of 100 and 300 Ohms. This figure shows that this
kind of fault can also be detected easily using the method presented in this paper. It is clear that harmonic
impedances of buses 13 and 14 have the least value compared to other buses and their value is almost zero
in all harmonic orders. In addition, since the value of impedance of bus 14 is smaller, fault is closer to this
bus. According to Fig. 12 since the harmonic spectrum of 100 ohms and 300 ohms faults are the same, the
presented method is independent of fault type and situation of network. This issue enables the method to
detect different faults appropriately.
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% 10 / \ //}/ k\\ Bus 4

E 5 / /,//Ls\? . A 2:: E
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Harmonic Order

Fig. 12. Three-phase harmonic impedance of the network during 100 and 300 ohms
symmetrical faults between buses 13 and 14
Although according to [26] all methods presented in previous studies are not capable of detecting HIF
since they use current waveform characteristics, but in order to prove the efficiency of proposed method
and verify results, this paper is compared with [21]. Accordingly, presented method of [21] is
implemented for 100 ohms and 300 ohms faults in line between buses 13 and 14 of Fig. 4 and in 0.2 sec.
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Results of implementing the method of [21] are presented in Fig. 13. The threshold for differential energy
is considered to be 0.2. Identifying threshold value is an important defect of similar studies since
according to [21] it is identified using different situations of network. However, according to [26], due to
multitude states of network and fault, the probability of not detecting the fault is high.

As it is clear from Fig. 13, differential energy is lower than threshold value in 100 ohms fault and
accordingly, the method of [21] can detect this fault. But differential energy in fault with impedance of
300 ohms is higher than threshold value. Thus the method of [21] cannot detect this fault. This is due to
the fact that while occurrence of 300 ohms fault, the fault current components reduce cosiderably which
results in reduction of differential energy so that higher than threshold value is obtained. Unlike these
methods, as it is shown in Fig. 12, the proposed method of this paper does not use current waveform in
fault detection and hence it is able to detect any faults. The proposed method also does not require
threshold value to be identified. This makes the proposed method independent from network and fault
situation and reliability of the proposed method would be very high.
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Fig. 13. Results of the proposed method of [21] for detecting HIF

e) Performance of proposed algorithm while faults are on buses

As shown in Fig. 3, the proposed algorithm is capable of detection faults which are on the network
buses. For this purpose a fault is placed on bus 2. As it is presented in Fig. 14, harmonic impedance
spectrum of bus 2 is zero for all frequencies while it is like Fig. 5 for other buses. This indicates that fault
is on bus 2.
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Fig. 14. Harmonic impedance spectrum for fault in bus 2
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5. CONCLUSION

Installing DG in distribution network generally changes them from passive networks into active ones with
bi-directional power flow. These changes disturb the setting of protective equipment so that traditional
protective plans would no longer be capable of protecting new networks. This paper proposed a new fault
detecting method based on calculating spectrum of harmonic impedance. Presented method is based on
wide communicative connections and calculations associated with harmonic impedance are carried out by
SRCU. Main feature of this paper is the capability of detecting symmetrical, asymmetrical, and high
impedance faults without using approximate models. Results showed the efficiency of this method for
detecting different faults in appropriate time. Protective challenges associated with applying microgrid can
be tackled using this method and it can be considered as a giant step in application of microgrids.
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