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Local Fault Location in Meshed DC Microgrids
Based On Parameter Estimation Technique

Navid Bayati , Hamid Reza Baghaee , Amin Hajizadeh , Senior Member, IEEE,
Mohsen Soltani , Senior Member, IEEE, Zhengyu Lin , Senior Member, IEEE,

and Mehdi Savaghebi , Senior Member, IEEE

Abstract—Accurate locating of the faulty section is desired in dc
microgrid due to the presence of power electronic converters and
low-impedance cables. Some of the existing schemes consider power
sources at only one end of the line; thus, assume that the fault cur-
rent is injected from only one end of the line. This assumption is not
true in the case of meshed dc microgrids, where fault current would
be supplied from both ends. Moreover, existing communication-
based methods require either a fast communication network or data
synchronization. To address the aforementioned issues, this article
proposes a novel local fault location scheme for meshed dc micro-
grids. Low- and high-impedance faults are located by measuring
the current by localized intelligent electronic device. Based on the
parameter estimation approach, the fault location is estimated by
sampling the peak values of the fault current. The effectiveness of
the proposed strategy is evaluated based on offline digital time-
domain simulations in MATLAB/Simulink software environment
for a meshed test microgrid system and experimentally verified
by implementing in a laboratory-scale hardware setup. Compar-
ing the proposed method with other existing methods proves the
effectiveness of the proposed technique for different types of faults.

Index Terms—DC microgrid, fault location, parameter
estimation, protection.

NOMENCLATURE

AC Alternating current.
DC Direct current.
PV Photovoltaic.
RER Renewable energy resource.
LIED Localized intelligent electronic device.
SLG Single line to ground.
C.B Circuit breaker.
L Inductance of line.
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R Resistance of line.
C DC-link capacitor.
iC Capacitor discharge current.
IL Inductance current.
I0 Initial value of the capacitor current.
V0 Initial value of the capacitor voltage.
L1 Line inductance between LIED and fault

location.
R1 Line Resistance between LIED and fault

location.
Rf Fault resistance.
if(t) Fault current.
P Coefficient of Taylor series.
Ccommunication Cost of the communication link.
Cequipment Cost of additional equipment.
CSensors Cost of sensors.
CIED Cost of IED.
Cworkforce Cost of the required work force.

I. INTRODUCTION

DC microgrids are an energy-efficient solution for the appli-
cations where the majority of electronic loads consuming

dc power and dc sources like batteries, fuel cells, and PV array
supply the system [1]. DC microgrids reduce the number of
conversion stages compared with ac systems, and therefore
reduce power losses [1].

Fault location schemes estimate the distance of fault, and the
accuracy of these schemes is one of the key elements of fast
maintenance and restoration of dc microgrids after faults. Fault
location methods can be categorized into two groups: local and
communication-based schemes. In communication-based fault
location schemes, the measured data from both ends of lines are
sent to the protection system through communication channels to
locate the fault. However, the communication channel increases
cost, noise, and failure probability.

Typically, in conventional centralized power systems, the fault
current flow is unidirectional, and local current-based relays can
detect or locate the fault [3]. However, in dc microgrids, the
energy resources are connected in different locations, and each
RER injects a share of fault current. Therefore, the fault current
in these systems is bidirectional, and conventional localized
techniques cannot be implemented in the dc microgrids [4].
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A. Related Works

The protection of dc systems is widely studied in recent
research works, and the suggested methods can be categorized
as fault detection [5]–[7] and fault location schemes [8]–[10]. In
[5], the fault and faulty section is detected by using frequency
oscillations, which are measured and compared using intelli-
gence electric devices at both ends of each line segment. The
principle of threshold violation is used in [6] to detect the fault
in dc microgrids quickly. However, due to the concept of fault
detection methods, they cannot locate the faulty position. To
improve the reliability of protection systems, in [7], a backup
protection system is suggested and uses a sequential analyzing
technique. On the other hand, the fault location techniques in
recent studies use an additional fault location module [8], the
slope of fault current [9], and the Pearson correlation coeffi-
cient [10]. However, the existing works cannot accurately locate
the high-impedance faults in meshed configuration dc systems
without using communication links or additional equipment,
which increases the cost of the protection system or reduces
the reliability of the entire system.

Locating fault distance in dc microgrids is a crucial task for
the restoration and maintenance of these systems, especially in
critical systems, such as islands, space stations, maritime mi-
crogrids, and applications with underground cables. Typically,
the fault distance can be determined by offline schemes after the
detection and isolation of the fault.

Fault location schemes can be categorized into two main
groups: passive and active. Passive fault location schemes are
based on measuring the data of currents or voltages. Active
schemes are based on signal injection or deploying auxiliary
equipment and analyzing the reflected signals [11]. Moreover,
fault location methods can also be allocated into two groups of
online and offline methods. In online methods, the fault location
is estimated during the fault, and offline methods calculate the
fault distance after clearing of fault [12].

Some of the previous works have proposed injecting the
current into the cable using the external circuit and analyzing the
behavior of the injected current to determine the location of fault
[13]. In [14], a power probe unit has been proposed to inject the
dc signals by a converter-based unit into the cable. This method
operates well. However, using additional equipment increases
the cost as well as human workload.

An online fault location estimation approach has been sug-
gested in [15], which uses the traveling-wave-based technique
for fault location. However, due to the low surge arrival time, this
method is inaccurate if dc microgrids have small line lengths. A
differential protection-based scheme for dc microgrids has been
presented in [16], which demands reliable and fast communica-
tion links to send the data to the protection devices. However,
the probability of data loss and communication failure and also
the high cost of differential protection limit the application of
these schemes. A localized technique has been presented in [17]
to estimate the fault distance using the local current, current
derivative, and voltage. However, in this technique, the dc line
is assumed to be supplied from only one side. Thus, this is not
applicable in the dc microgrids, where most lines are connected

from two sides to the sources or power electronic loads. Power
electronic converters usually have a dc bus capacitor, which can
inject a high rising current to the faulty location during the first
milliseconds of the fault.

B. Contribution of Research

To the best of the authors’ knowledge, the proposed scheme
has the highest accuracy and lowest cost among the existing
local fault location systems [8]–[10] for dc microgrids. The
differences between dc and ac, meshed and radial microgrids,
and with or without communication link in protection systems
lead to the following challenges, which are addressed in this
article.

1) AC-related features such as frequency and phase char-
acteristics are no longer available, and thus, the authors’
focus on new features that may be used for fault location
in dc microgrids.

2) The communication-based schemes used in dc microgrids
would require a network infrastructure, high sampling
rate, and filtering equipment, which might not be feasible
in a low-cost dc microgrid deployment. Detailed fault
analysis is represented in Section II.

The existing fault location methods require both ends’ data,
and therefore, they suffer from noise and delay. Therefore, the
existing researches [15], [16] cannot locate faults by using only
the measured values of one end of the line segment. Conse-
quently, in this article, the available features in one end of the
faulty line in dc microgrids are explored, and their relation-
ship with the fault location is investigated. Through extensive
simulations and experimental tests, the new features and their
relationship with fault location are discovered. A novel fault
location scheme is designed for meshed dc microgrids based
on information from the current sensor of one end of the faulty
line. The approach is validated with experimental and simulation
studies.

The main contributions of this article include as follows.
1) Revealing the relationship between the peak features of the

transient current signal and the fault distance in meshed
dc microgrids. During a fault, current sensors should only
detect the oscillation of the transient signal.

2) Designing a scheme for estimating the fault distance based
on the peak features by using only local measured values.
The performance of the technique is evaluated in different
scenarios, and the error is analyzed. An experimental setup
is also utilized to test the method.

The evaluation results manifest the significance of the novel
scheme as there are a few studies performed on the local fault
location of meshed dc microgrids. The general comparison of
the proposed method and existing methods are represented in
Table I. As can be seen, most existing techniques suffer from
several disadvantages, such as high cost, requiring communica-
tion link, low accuracy, and only can be implemented in the
radial system. The proposed scheme tried to solve the men-
tioned issues to provide an accurate and low-cost fault location
technique. In this article, a localized protection technique is
proposed for meshed dc microgrids. In the proposed strategy,
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TABLE I
GENERAL COMPARISON OF THE METHODS IN LITERATURE AND THE PROPOSED METHOD

due to the correlation of fault distance and transient current,
LIED, and the current signal of one place is utilized to estimate
the fault location and resistance. This scheme does not use
any communication links. Therefore, it is low cost and avoids
problems of communication-dependent strategies, such as noise,
time delay, and the probability of communication failure. Fi-
nally, the effectiveness of the proposed fault location strategy
is validated through offline digital time-domain simulations in
MATLAB/Simulink environment for various locations and fault
resistance values in a test dc microgrid system and experimen-
tally verified by implementing a lab-scale testbed.

The rest of this article is organized as follows. In Section II, the
fault analysis details for dc microgrids are discussed. Section III
presents the parameter estimation techniques of the proposed
localized fault location estimation method. Simulation and ex-
perimental test results are provided in Section IV. Finally, the
main conclusions are stated in Section V.

II. FAULT ANALYSIS IN DC MICROGRIDS

A fault in the dc microgrid may cause a destructive condition
for the converters. The IGBTs are blocked for self-protecting,
and the reverse diodes are exposed to an overcurrent [18].
Therefore, analyzing the fault characteristics of dc microgrids
is essential.

A. Fault Characteristics in DC Microgrids

After the occurrence of a short-circuit fault, the dc-link capac-
itors of both ends of the line cause a high rising current and inject
a current to the faulty location until it reaches its peak. After
the occurrence of a fault, the discharge state of the capacitor is
started, and the equivalent circuit of the line will be changed
to an RLC circuit. The current waveform of this equivalent
circuit, from experimental tests, is depicted in Fig. 1, where
the peak of this current could go around 10 times more than the
nominal current of the cable. The cable and dc-link capacitors of
converters inject the transient current, and the RERs provide the
steady-state current during the fault [19]. The dc-link capacitor

Fig. 1. Typical fault current in the dc system.

current during fault can be obtained by

d2ic
dt2

+
R

L

dic
dt

+
1

LC
ic = 0. (1)

Moreover, after switching the converters during the fault, the
energy of the inductance will be discharged into the cable. The
current of this discharge is calculated by

L
diL
dt

+ iLR = 0. (2)

Consequently, as shown in Fig. 1, the transient part of the
fault current is made by iL and iC. On the other hand, during the
zero fault resistance faults, when the voltage at the fault location
drops to zero, the capacitors of the lines are discharged entirely,
and based on the state of (1), the fault current will be over or
underdamped. The voltage of the capacitor of one end can be
obtained by

Vc =
1

C

∫
ic(t)dt. (3)

Therefore, by subtracting (1) and (3), the voltage of the
capacitor is determined by

Vc(t) =
e−αt

ω
(V0ω0 sin(ωt+ β)− I0

C
sin(ωt)) (4)
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where ⎧⎪⎪⎪⎨
⎪⎪⎪⎩

α = R
2L

ω =
√

1
LC − R2

4L2

ω0 =
√
α2 + ω2

β = tan−1(ωα )

. (5)

Then, the time for full discharge of the capacitors, or the end
of capacitor discharge state, is calculated by

t =
1

ω
cot−1(

I0
V0αC

+
α

ω
). (6)

Due to the low value of C and ω in the dc microgrids, the
time before voltage collapse in the dc systems is much less
than the ac systems. Moreover, the fault current transient is
divided into three different states: slow, medium, and fast front
transients. Storage units, voltage-dependent loads, and control
of converters can cause slow front transient. The capacitors
make the medium front transient of filters, and by opening
the switchgear, a transient recovery voltage makes a fast front
transient [20]–[22].

B. High-Impedance Fault Characteristics in DC Microgrids

When a conductor approaches close to ground or another con-
ductor through a high impedance, a high-impedance fault occurs.
In these conditions, the fault current will have a lower magnitude
compared with low-impedance faults; therefore, locating this
type of faults is a challenging task. The high-impedance faults
are very complex phenomena and presents a highly nonlinear
performance. The characteristic of a high-impedance faults is
divided into three different stages, namely buildup, shoulder, and
nonlinearity. The model of high-impedance faults in dc systems
has been considered rarely. The model in [1] is utilized in this
article to accurately analyze the performance of high-impedance
faults, as follows:{

ij+1 = ij − Rij+k/ij
1.2+35−VDC sinωt

R−1.2k/i2.2j

2nπ + π/3 < ωt < 2nπ + 2π/3n = 0, 1, 2, . . .
(7)

R =
1.2kij+1/i

2.2
j − 1.2k/i2.2j − k/i1.2j − 35 + VDC sinωt

ij+1
.

Equation (7) is used in laboratory observations [1], and the
constant value of k can be calculated by experimental tests for
different situations.

III. PROPOSED FAULT LOCATION METHOD

The proposed protection system consists of an LIED and a
current sensor, which are installed at each line to calculate the
fault location. Conventional methods use the voltage and current
data from both ends of the faulty line, and communication links
are needed. In the proposed method, only the current from one
side of the line is measured. Therefore, the cost of the system is
less, and the concerns for the time delay, noise, and probability
of communication failure will be eliminated.

During the fault, different fault currents flow through each
end of the lines. Therefore, based on the characteristics of the

installed C.Bs, they will isolate the line by different operation
times. Then, the equivalent circuit will be an RLC circuit. There-
fore, at this stage, the proposed LIED circuit starts to sample fault
current and locate the fault. On the other hand, two types of faults
can occur in the dc lines, i.e., internal and external faults. Using
the direction of fault current, the internal and external faults can
be distinguished, and the proposed LIED only operates during
the internal faults. Therefore, based on Fig. 2, the current I, which
injects into the line segment, is indicated by positive and negative
magnitudes during the internal and external faults, respectively.

In the proposed fault location method is shown in Fig. 2. After
isolating the fault by C.Bs, the operation of the faulty segment
will change to the RLC circuit. Therefore, the LIED starts to
measure the current by a sampling rate of μ. Although a higher
sampling rate will provide more current samples, it causes more
cost on the selection of sensors. Based on [5], in dc systems,
the accuracy of fault location methods for sampling rates from
25 to 100 kHz is almost constant. Therefore, in this article, the
sampling rate of 25 kHz is selected for sensors. During this stage,
the equivalent circuit of the system is depicted in Fig. 3.

Once the C.Bs isolated the line from both sides, due to the
opening of the C.B2 and C.B1, an RLC loop is formed, and the
current of this loop is calculated as follows:

d2if (t)

dt2
+

R1 +Rf

L1

dif (t)

dt
+

1

L1C
if (t) = 0. (8)

Thus, the value of if as a function of time can be written as
follows:

if (t) = e−αt(D cos(ωt) + E sin(ωt)) (9)

where the values of α and ω can be obtained by⎧⎨
⎩

α =
R1+Rf

2L1

ω = 0.5

√
4

L1C
− (R1+Rf )

2

L2
1

. (10)

The current during a fault can be over, under, and critically
damped based on the characteristic of the system. In dc mi-
crogrids, the dc-link capacitor has a low value. Therefore, the
condition of underdamped of fault current will be satisfied if

α2 ≤ ω2. (11)

Then

(R1 +Rf )
2

L1
≤ 2

C
. (12)

Hence, due to the extremely low value of dc-link capacitor
of low-voltage dc microgrids, the condition of (12) is always
satisfied, even for high fault resistances. Note that based on
the system characteristics in Table II, the condition of (12) is
satisfied.

Due to the four unknown parameters in (9), an estimation
method should be used to generate more equations to find the
unknown parameters. Therefore, by using the Taylor series, (9)
can be rewritten with neglecting higher order terms as follows:

if (t) = P1t
3 + P2t

2 + P3t+ P4 (13)
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Fig. 2. Internal fault case in the dc microgrid.

Fig. 3. Structure of faulty line segment after isolation.

TABLE II
SIMULATION PARAMETERS

where⎧⎪⎪⎨
⎪⎪⎩

P1 = D
6 (2αω

2 − α3 − α2ω) + E
6 (3α

2ω − ω3)

P2 = D
2 (α

2 − ω2)− Eαω
P3 = −Dα+ ωE
P4 = D

. (14)

Therefore, the LIED requires measuring the current with only
four samples to estimates the values of P1, P2, P3, and P4 to fit
the underdamped current of fault (see Fig. 4) to a cubic equation.
By solving (14), D, E, α, and ω are calculated. Consequently, by
substitution of D, E,α, andω in (10), the values of R1, Rf, and L1

will be obtained. It could be noted that for calculating R1 and L1,
they should be replaced with Rsd and Lsd, in which Rs and Ls are
the resistance and inductance of each meter of line, respectively,
and d is the fault distance. It should be noted that the peak
values are identified by comparing samples to previous and next
samples. If the previous samples are increasing continuously,

Fig. 4. Probe current response for different sample times.

and the next samples are decreasing continuously, it is identified
as one of the peak points of the fault current.

IV. SIMULATION AND EXPERIMENTAL RESULTS

Offline digital time-domain simulation studies are performed
in MATLAB/Simulink, including different fault distances and
resistances in a 3 km line segment of a dc microgrid, as shown in
Fig. 2. The detailed parameters of this segment are represented in
Table II. Also, to prove the effectiveness of the proposed scheme
in the fault location, it is tested experimentally. In the laboratory
test, each 1-km line segment is represented by a high-resistance
inductance. Furthermore, in this article, IEEE Std. C37.114 has
been used for the selection of the error and accuracy of the
proposed method. Moreover, this standard has been used during
the test to implement the data and required equipment.

A. Offline Digital Time-Domain Simulation

As shown in Fig. 2, an SLG fault with different values of fault
resistance is created. A line to ground fault with fault resistance
of 0.2 Ω is created at time t = 0.05 s in the middle of the line
segment. Current and voltage through the LIED are shown in
Fig. 5(a) and (b), respectively. Also, the values of samples of the
current are shown in Fig. 5(a). For the same fault, the values of
the peak of fault current are shown in Fig. 6. According to this
figure, by increasing the fault resistance, the peak magnitudes
will reduce. However, due to the underdamped behavior of fault
current, the required samples of the proposed method will be the
same for different fault resistances.

At the second stage of the protection method, the location
of the fault is estimated by using a LIED without using any
communication links and only by using the data of the LIED.
By applying the proposed technique, the distance of the fault
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Fig. 5. (a) Fault current waveform at LIED place. (b) Fault current waveform
at LIED place.

Fig. 6. Values of peak of current for different fault resistances.

Fig. 7. Fault location estimation by using the proposed localized method.

from the LIED place is estimated and shown in Fig. 7 for
fault resistance between 1 and 6 Ω. The proposed method is
applied for the faults in two different locations with different
fault resistances, and the results show that the value of error for
faults, which are 2 km far from the LIED is less than 6% and for
fault with the distance of 750 m, this error is maximum 4%. It is
important to note that based on the standards, the currents higher
than 125% of normal current should be detected as fault current.

TABLE III
RESULTS OF FAULT LOCATION ESTIMATION FOR SIMULATION TESTS

Thus, the maximum value of fault resistance in this system will
be 6 Ω. The results of the estimated fault distances are shown in
Table III, and it demonstrates that increasing the fault resistance
increases the value of fault location estimation error. The fault
location methods are a function of R/Rf, and decreasing this
value increases the fault location error. However, it is still in an
acceptable range.

On the other hand, as can be seen in (8)–(12), the impact of
line resistance R1 and fault resistance Rf on the performance
of the proposed method is the same. Moreover, by determining
the value of error as the difference of estimated and actual fault
currents, respectively, (13) and (9), a sensitivity analysis is per-
formed, and the sensitivity of error function to Rf is determined
by

SError
Rf

=
Rf

Error
× ∂Error

∂Rf
(15)

in which, the error of fault location method has a higher value
during higher values of Rf. Consequently, it shows that the LIED
has a higher error, during the high fault resistances or faults with
a high distance, compared with low impedance faults, as also
shown in Table III.

B. Experimental Validation

The proposed fault location estimation technique is validated
on a lab-scale hardware setup. Two power supplies, EA-PS
9360 and APM-SP800VDC, are used in the experiment. The
constant current power supply, EA-PS 9360, is connected by
a dc/dc converter as a power source, and the dc bus is imple-
mented by the constant voltage power supply APM-SP800VDC.
The experimental setup diagram is depicted in Fig. 8, and the
photographs of the practical setup are shown in Fig. 9(a)–(c).
The system has a nominal dc bus voltage of 24 V dc, and
each inductor is equivalent to a 1-km cable, by the resistance
of 0.16 Ω and inductance of 0.01 mH. A 24 V dc motor is
also connected to the dc power supply as an electrical load. A
dSPACE controller is used to record the experimental data and
investigate the performance of the proposed scheme.

Fig. 10(a) and (b) show the experimental results of a high
resistance fault with fault resistance of 2 and 3 Ω at 2 km, and
1-km away from the LIED, respectively. The magnitude of fault
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Fig. 8. Diagram of the experimental setup.

Fig. 9. Experimental setup for evaluating the proposed method. (a) DC bus
components. (b) simplified model of line and load. (c) dSPACE user interface.

current is 5.84 A for fault at 2 km, and 4.81 A for fault at 1 km,
and they will be damped to the steady-state fault current after
approximately 200 ms.

Moreover, the experimental result of the fault current for a
fault at 2 km distance from LIED with fault resistance 1.4 Ω
is shown in Fig. 11. The maximum values of fault current are
calculated and shown in Fig. 11. The values of I1, I2, I3, and I4
are inserted to (14) in dSPACE environment for calculating the
fault location.

By applying the proposed fault location estimation method to
the experimental results, the location of the fault is estimated for
different fault distances and resistances. These values are pre-
sented in Table IV. As expected, by increasing the values of fault
distance and resistance, the value of error increases. However,
the results indicate that the maximum value of error is 2.23%,
proving the effectiveness of the proposed technique. Therefore,
these results explain that the line segment is protected. The
location of the fault is estimated by using localized protection,
which reduces the cost, failure probability of communication
line, delay, and noises. This scheme has potential advantages
for practical applications as it enables the use of localized data

Fig. 10. Fault current of the LIED at one end of line for fault resistance of
(a) 2 Ωs with 2 km and (b) 3 Ωs with 1 km distance from LIED.

Fig. 11. Values of the fault current peaks for fault resistance 1.4 Ω at fault
distance 2 km.

TABLE IV
RESULTS OF FAULT LOCATION ESTIMATION FOR EXPERIMENTAL TESTS
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TABLE V
QUALITATIVE AND QUANTITATIVE OF COMPARISON OF THE PROPOSED METHOD WITH OTHER METHODS

Fig. 12. Expected fault location error for different fault resistances and
locations.

for dc microgrid protection and improves the sensitivity and
reliability of the protection system.

The evaluation of the proposed method for different fault
resistances is presented in Fig. 12. The experimental tests are
performed for fault resistances up to 6Ω; therefore, to investigate
the performance of the proposed method for fault resistance
up to 10 Ω, a curve fitting analysis was added to the collected
data. As shown in Fig. 12, for high-impedance faults, the value
of error is increased to 6.4%, which is in an acceptable range.
Therefore, the accuracy of the proposed method for sorely high
fault resistance is demonstrated.

C. Comparison With Other Reported Methods

The results of the proposed technique are compared with
other previously reported researches published in [8], [9], [14],
[17], and [23]–[28], as shown in Table V. Due to using two
protection devices at each line segment in [8], and [23]–[27],
the cost of these methods is higher than the proposed local
scheme. Also, the communication-based methods in [24]–[26]
and [28] are affected by noise and communication delay. Another
important factor for evaluating a fault location method is the
values of maximum fault resistance and error. The lowest value
of error is for [20]; however, in this method, only short lines
are investigated. The error of the reported method in [23] is

Fig. 13. Maximum error and fault resistance of existing methods and proposed
method.

around 0.4% for faults up to 2 Ω, but this method requires a
voltage-clamping diode, and high sampling rate current and volt-
age sensors at both ends of every line segment. The maximum
values of considered fault resistance in existing methods are
shown in Table V. Furthermore, the application of some of the
compared researches is limited to only radial dc systems, such
as [9], [14], [17], and [24]. In contrast, the proposed method is
applicable to both radial and mesh dc systems. The maximum
considered fault resistance for the proposed method is 6 Ω, and
this scheme has an acceptable error of 6%, which is lower than
other fault location methods.

In Fig. 13, the comparative assessments of existing works with
the proposed scheme are shown. The qualitative performance
evaluation of each scheme based on the performance parameters
of Table V is represented as a diagram, where parameters are
qualitatively evaluated for providing fair taxation on different
approaches. The evaluation is presented in two diagrams de-
picted in Fig. 13. In this figure, the minimum error values of
fault location estimation for existing local methods are depicted.
The maximum error of the proposed method is lower than
the minimum errors of other local-based methods, except [9],
which only can be implemented in radial systems. The error of
communication-based fault location methods is lower than the
proposed method; however, they can only locate low-impedance
faults, and the cost of implementation is high.

The comparative results prove that the proposed technique
has lower error and higher accuracy than the other local schemes
and can estimate the location of the high fault resistances. As
can be seen from the results, by implementing the proposed
protection method and corresponding protection equipment, it
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TABLE VI
DETAILED COST COMPARISON OF EXISTING AND PROPOSED SCHEMES

can be concluded that the proposed LIED scheme is applicable,
and the efficiency, accuracy, and feasibility of the scheme are
shown, compared with the different existed methods. In the ex-
perimental and simulation section, the maximum fault resistance
is considered as a high value, which causes a low fault current.
As a result, faults are located in different locations with an error
value of less than 6%, which seems acceptable.

The cost of protection systems can be evaluated by the
following:

C = Ccommunication

+ Cequipment + CSensors + CIED + Cworkforce. (16)

The overall cost of a protection system comprises the cost
of the communication equipment (physical link and interfaces),
the installation cost (work and labor), the sensors, and its IEDs.
The cost comparison analysis of existing protection systems
has shown that localized protection systems offer practically
the lowest cost option, which is due to the unnecessity of
communication links, low installation cost, low cost of labor
(no specialized expertise), and affordable sensors. For more
detailed cost evaluations of [8], [9], [14], [17], and [23]–[28],
and the proposed work, the detailed required equipment of all
methods is shown in Table VI.

Consequently, due to the two protection devices for each
line segments, installation workloads, additional equipment, and
communication link, reported methods in [8], [14], [27], and [28]
are categorized as high-cost methods. The suggested methods
in [9] and [17] are categorized as low-cost methods, due to
the lack of additional requirements. Although a detailed cost
analysis has been carried out in this article, the cost of the
proposed scheme seems reasonable. The proposed method only
requires the current sensors at one side of each line segment
without any additional requirements and communication links,
which can categorize the proposed scheme among low-cost
schemes.

V. DISCUSSION

The proposed protection strategy is clearly able to locate the
fault in dc microgrids in different locations with different values
of fault resistances. This is especially validated and investigated
in a double-side-fed line segments, as shown in Figs. 2 and
8, which also can be applicable in loop configuration systems.
Because most lines in a dc microgrid have a bidirectional power
flow, implementing a protection method for such line segments
is essential. Moreover, placing the proposed LIED in each line is
more economical than installing relays at both ends of each line.
Due to the local performance of the proposed method, the cost,
communication failure, and noise are reduced. Consequently,
the reliability of the proposed scheme will be higher than other
communication-based protection methods. However, due to the
existing noise in measurement devices, the fault current of the
experimental tests includes measurement noises, but the error
of it does not exceed 6%. Furthermore, the effectiveness of the
proposed method is investigated during high-impedance faults,
which cause a low-magnitude fault current. During these cases,
as can be seen in Table IV, by changing the values of fault
resistances and locations, the values of error are varied to a
maximum of 2.23%. As expected, increasing the value of fault
resistance and location increases the value of error. However,
this value is still in an acceptable range.

In case of variation of fault current from RER side, due to the
consideration of reduction of fault current by fault resistance in
the proposed scheme, the proposed method is immune against
variation of fault current by RERs. For example, as shown in
Fig. 6, the value of the peak of fault current is reduced from
280 to 220 A. Moreover, in the case of differentiating the faults
and RER current injection, as can be seen in Fig. 2, if the RER
injects fault current by I2, it cannot impact I1, and therefore,
LIED will be immune against it. On the other hand, if the RER
injects fault current by I1, it will impact the behavior of measured
fault current, for example, as depicted in Figs. 5 and 10, in
which this fault current is analyzed for the location of the fault.
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Consequently, the proposed method is immune to the variation
in performance of the RER.

VI. CONCLUSION

The previous dc microgrid protection methods are effective
theoretically, but almost all of them need communication links or
cannot be effective during high fault resistances. In this article,
a fault location estimation technique was proposed to locate
the fault distance by using local measured values. Thus, the
cost, failure probability due to the communication line failure,
and time delay are minimized. The proposed technique uses
a cubic equation estimation of seen resistance at each LIED
during the fault. The obtained results proved the accuracy of the
proposed technique for different fault distances and resistances.
The proposed scheme is examined through extensive simulations
and lab experiments considering high fault resistances to prove
its effectiveness and accuracy. Moreover, the proposed pro-
tection strategy was compared with other reported techniques,
and the comparative results indicated that the proposed method
has lower error and higher accuracy compared with the other
local schemes and can accurately estimate the location of the
high-impedance faults.
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