Aalborg Universitet AALBORG

UNIVERSITY

Fault location in microgrids
A communication-based high-frequency impedance approach

Beheshtaein, Siavash; Cuzner, Robert; Savaghebi, Mehdi; Golestan, Saeed; Guerrero, Josep
M.

Published in:
IET Generation, Transmission and Distribution

Publication date:
2019

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):

Beheshtaein, S., Cuzner, R., Savaghebi, M., Golestan, S., & Guerrero, J. M. (2019). Fault location in microgrids:
A communication-based high-frequency impedance approach. IET Generation, Transmission and Distribution,
13(8), 1229-1237. https://digital-library.theiet.org/content/journals/10.1049/iet-gtd.2018.5166

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

- Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
- You may not further distribute the material or use it for any profit-making activity or commercial gain
- You may freely distribute the URL identifying the publication in the public portal -

Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

Downloaded from vbn.aau.dk on: December 05, 2025


https://vbn.aau.dk/en/publications/e5653c44-5b34-4a81-a9a0-a6b98799a609
https://digital-library.theiet.org/content/journals/10.1049/iet-gtd.2018.5166

ReView by River Valley Technologies

IET Generation, Transmission Distribution

IET Generation, Transmission & Distribution

Fault Location in Microgrids:

A Communication-

based High-frequency Impedance Approach

Siavash Beheshtaein'’, Robert Cuzner?, Mehdi Savaghebi', Saeed Golestan', and Josep M. Guerrero',

! Department of Energy Technology, Aalborg, Denmark
2 University of Wisconsin-Milwaukee, Wisconsin, USA

*sib@et.aau.dk

Abstract: This paper proposes a novel method to locate faults in an AC meshed microgrid. To this end, a set of features is first
extracted and selected from the measured signals and fed to a Support Vector Machine (SVM) to detect the occurrence of fault.
Then, the Distributed Generator (DG) with the lowest amount of fundamental voltage, which is the closest one to the fault,
injects an appropriate voltage/current harmonic. As the faulted section has the lowest impedance value from the PCC of the
DG, the harmonic current of the corresponding line has the highest value. Based on this fact, the first candidate DG sends a
notification signal to the second candidate DG, which the fault occurs between them. Finally, the impedances in the injected
frequency are measured from these two DGs and fed into a multi-class SVM to locate the faulted line. The proposed method
has the ability to locate faults for islanded and grid-connected microgrids with variable configurations. Real-time simulation
results are taken by OPAL-RT to show the effectiveness of the proposed method in the meshed microgrid.

Keywords: Distribution Generations, Fault location, Microgrids, Protection.

1. Introduction

Microgrid, which consists of Distributed Generators
(DGs), storage systems, and loads , is the backbone of a smart
grid [1],[2]. In order to realize such a structure, many technical
issues such as power quality, energy management, networked
control, communication systems, and protection have to be
addressed.

Microgrid should have a capability to operate in both
islanded and grid-connected modes, and have a transition from
grid-connected to islanded mode to protect itself from any
disturbances [3]. In addition, the microgrid is required to
reconfigure itself for economic reasons as well as for
providing continuous electricity to essential loads [4].
Considering high integration of DGs, fault currents measured
by protective relays significantly depend on microgrid
configuration structure, operation modes, and existence of
DGs in microgrid. Because of this, the protection of microgrid
is probably the most important challenge for its realization
[51.[6].

In the conventional radial distribution system, reclosers are
used to allow existence of temporary faults with fuse
protection if the fault persists [7]. In addition to recloser-fuse
protection, overcurrent relaying is one of the most common
approaches used in radial and meshed power networks, due to
simplicity and low cost. However, high penetration of DGs
could have adverse effects on the coordination of recloser-fuse
and overcurrent relay approaches [8]. Distance protection,
which measures impedance from the relay to the fault, will
have a low selectivity in a microgrid with a high penetration
of DGs. Besides, this protection demands a voltage
transformer which results in a high implementation cost [9].
Similar to the distance relays, a directional relay involves a
high implementation cost as it utilizes voltage and current
transformers to determine the fault direction [10]. In addition,
coordination of directional relays is difficult in multi-loop
distribution systems. On the other hand, differential

protection, which measures the currents flowing in and
flowing out the bus, transformer, or transmission line to make
decision for existence of fault, addresses the problems of
bidirectional power flow and topology complexity, but
implementation of a system having adequate discrimination
capability is very costly [11].

In addition to the conventional relays, limiting the DG
capacity [12], utilizing energy storage [13], Fault Current
Limiter (FCL) [14], and adaptive protection [15],[16] have
been presented to deal with the protection issues. The main
drawbacks of these methods are, respectively, preventing high
penetration of DGs due to high investment cost for DGs, high
implementation cost of using FCLs and energy storage, and a
need for a central unit for monitoring.

Typical microgrids operate in a radial fashion. However,
meshed microgrid is a promising structure to realize a system
with a higher resiliency and reliability by providing redundant
paths [17]. It is shown that due to non-existence of the concept
of upstream and downstream, the conventional protection
would not work properly for the looped microgrid [18]. In
such a microgrid, communication-based protection systems
are better options for the detection and location of faults. In
[19], differential relays are considered as the backbone of
protection scheme; and in the case of communication channel
failure, a comparative voltage protection is considered for the
backup protection. In [20], a hierarchical protection scheme
consisting of load-way level, loop-way level, feeder level, and
microgrid level is proposed for the looped microgrid. Similar
to [19], the differential protection is applied for distribution
lines. This structure appears to be an effective option,
particularly for looped microgrids, however, the
implementation cost is high. In [21], the communication
system is eliminated and in the case of fault, each DG changes
its mode from the droop control mode to the current injection
mode to provide a sufficient amount of current for overcurrent
relays. The injected current of each DG is proportional to
indirect measured impedance from the DG side. This method
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may not correctly trigger circuit breakers in a system with
different length of lines where DGs are located in short lines
and the fault occurs in a long line. In addition, the performance
of this method highly depends on the number of DGs and the
fault impedance. On the other hand, it is preferred to eliminate
the protection relays from the distribution lines [17].
Regarding this issue, the fault is located based on an
approximated linear relationship between maximum
oscillation of the transient voltage magnitude measured by a
sensor and the distance between the fault location and the
sensor [22]. However, this approach is not practical for the
meshed microgrid.

This paper presents a new harmonic-injection based fault
location method for meshed microgrid. This method utilizes
control and power conversion capabilities inherent to the DGs
(with some modifications) and only requires that each DG
communicates with its adjacent DGs. In this method, the fault
is locally diagnosed by extracting appropriate features from
the currents and voltages of each DG and feeding them into a
Support Vector Machine (SVM) classifier. While the fault is
detected, first DG candidate is selected based on measuring
fundamental voltage of DG terminal. Then, this DG injects the
harmonic signal with a distinct high frequency and measures
the high-frequency impedances of lines and according to these
measurements another DG candidate, which are placed at the
other side of faulty zone, is chosen. The second DG also
injects a distinct high-frequency harmonic signal and
measures the high-frequency impedance of line from its
terminal. These measured harmonic impedances are
considered in different topological configurations, such as
grid-connected and islanded modes, as well as for various
loads, DGs, and line disconnections; and fed into a Multi-class
SVM (MSVM) to locate the faulty line in the meshed
microgrid. Real-time simulation results are also provided to
show the effectiveness of the proposed method.

2. Proposed Method

As mentioned in IEEE Std C37, a well-designed fault
location method in ac transmission and distribution lines leads
to rapid restoration of power systems. This standard classifies
the fault location methods into impedance-based and traveling
wave. These methods are implemented by microprocessor
devices which have the requirements such as having the
communication interface to transmit data to remote site and
using digital filter for more accurate calculation. In addition,
the central site collect the data and perform analysis to
estimate the place where fault happens [23]. Regarding the
hierarchical structure of microgrid, communication systems
exist between the DG units for providing a proper control
capability. In addition, the collected data in the primary level
is transmit to the tertiary level, where database and
computation center exist, for the purpose of optimization and
better operation of microgrid [24].

Considering the requirements mentions by the IEEE Std
C37 and the existing communication system as well as
computation center in the microgrid, this paper proposes a
fault location based on the existing infrastructure of microgrid.
It must be noted that according to measured amplitude of
signal by advanced phase locked loop communication link
must transmit the data in synchronized way or in the worst
case less than 20 ms delay to have proper outcome. In addition,
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Fig. 1. The meshed microgrid: (a) Scheme of the simulated
microgrid, (b) Equivalent graph of the simulated
meshed microgrid.

the faulty section is determined in the tertiary level using the
collected data from primary level.

Fig. 1(a) shows the proposed approach where high-
frequency impedances are measured from two end-terminals
of a faulty zone in a meshed microgrid. The microgrid could
operate both in islanded and grid-connected modes. In the
grid-connected mode, the voltage and frequency are
maintained within an acceptable range by a stiff grid.
However, in the absence of such a grid, at least one DG has to
operate in Voltage Control Mode (VCM) to control voltage
and frequency, and other DGs could work in Current Control
Mode (CCM) [23]. The corresponding graph of Fig. 1(a) is
shown in Fig. 1 (b). According to Fig. 1 (b), this connected
graph has three vertices with a degree higher than two, T1, T3,
and T7, as well as the others of degree two. The graph is
partitioned to the edge disjoin paths whose endpoints are
vertices with a degree higher than two. According to the above
consideration, five subgraphs, which are shown in blue,
purple, green, orange, and pink are respectively presented as
follows:

Groner = {Tzonets Lzone1}; Troner = {TLT2,T3}; Lyoner =
{L1,L2}

Gronez = {Tzonezs Lzone2}s Tronez {T1,T3,T4,T5}; Lyonez =
{L3,L4,L5}

Grones = {Tzoness Lzones}s Trones = {TL, T7}; Lyones = {L8}
Gones = {Tzonear Lzonead Tzones = {T3,T6,T7}; Lyones =
{L6,L7}

Gones = {Tzones: Lzones} Tzones {13, T7,T8,T9}; Lyones =
{L9,L10,L11} (€Y

According to the above way of partitioning, T1, T3, and
T7 are the main nodes for creating subgraphs. From an
electrical point of view, the existence of the DG1, DG2, and
DG4 connected to the T1, T7, and T3 respectively, plays a

2
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critical role in finding the faulty zone. Each defines a
subgraph, and then the faulty line in the faulty zone.

Once the fault occurs in the microgrid, each DG
investigates the occurrence of the fault by passing the selected
features, which are extracted from output current of filter and
voltage of DG’s capacitor, to the SVM. When the fault is
detected, two DG candidates, on each side of a fault location,
must be chosen for locating the faulty line. The first DG
candidate is the unit close to the faulty point and experiences
the lowest amount of fundamental voltage. It must be noted
that the comparison is carried out by using communication
links between adjacent DGs (shown in Fig. 1(a)). This DG
injects a high-frequency signal with a well-selected harmonic,
and then from the connected terminal to this DG, the
impedance is measured in that frequency. Based on the line
that has the lowest high-frequency impedance/highest
harmonic current in that high frequency, the faulty zone or
subgraph where fault occurs is determined. As a result, the
first DG candidate notifies the second candidate located on the
other side of faulty zone by a communication link existing
between these two DGs. While the second candidate receives
the notification, it will inject another distinct high-frequency
harmonic and impedance is measured associated with this
harmonic. Finally, these two high-frequency harmonic
impedances are fed into the MSVM to locate the faulty line. It
must be noted that VCM DG has to exert a sufficient virtual
impedance to block high-frequency signal generation by
another DG. In addition, in order to prevent absorbing the
high-frequency current by the main grid, a parallel resonance
filter needs to be used. The whole procedure of the proposed
protection is illustrated in Fig. 2. One of the key benefits of
this method is its applicability for any type of complex
microgrid structure.

2.1. Signal Processing Tools for Fault Detection and
Location

An advanced signal processing method based on feature
selection and the SVM/MSVM is used to detect the fault and
locate it, described as follows:

2.1.1.  Feature Extraction and Feature Selection
In addition to the amplitude of original signal, several
features such as the standard deviation, RMS, and energy are
extracted from the voltage/current of each phase of DG [25].
While the fault is detected, impedance of faulty zone is
measured for the purpose of fault location:

Zhigh—frequency _ Vmgh_frequencyﬂlulty zone )

Ihlgh—frequencyfuulty sone

In order to increase the efficiency of classifier in terms of
computational complexity, computation time, and accuracy,
the most relative and informative subset of features have to be
chosen. One of the widely used feature selection algorithms
is the Sequential Forward Selection (SFS) algorithm that starts
with an empty feature set and adds a feature to the set until no
significant increase in accuracy occurs. This method is
modified and the algorithm starts with the five best features
and the conventional sequential forward selection algorithm is
applied to each of five features. This process continues until
accuracy of fault classification reaches a relatively fixed value.

Measuring voltage
and current of each
sclected DG

Fault detection

Sclect optimum features

SVM for fault detection

No———>1 Sccond DG candidate

Harmonic injection

Yes
¥ Is the DG noticed as the
second candidate?

No—
Injecting a distinct harmonic
high-frequency, and measuring
impedance in this frequency in
all connected lines to this bus

Yes
h 2

Injecting a distinet harmonic
high-frequency, and measuring
high-frequency impedance of the]

Detecting the faulty zone
and send a signal to second|
DG for harmonic injection faulty zone

Fault location |Fm|h location based two measured high-frequency impedance by Mval

End
Fig. 2. Flowchart of the proposed method.

2.1.2. SWM
The SVM, which is a powerful binary classifier, adjusts a
hyperplane to maximize the margin between two classes. This
concept can be formulated as the following primal objective
problem:

1 n
minj(@,¢) = {Enwuz * cZa]
i=1

Subject to: y;(w ¢ (x;) +b) =1 —(,(; = 0,y; =
{-1+137,
Vi=1,2,..,n 3)

where {, C, ¢(x;) and y; are the deviation from the margin,
penalty factor, a function that maps the testing data vector x;
onto high-dimensional feature space, and the corresponding
label for each x;, respectively. Typically, the primal form of
SVM (3) is solved by transforming it to a dual form utilizing
Lagrange multiplier method.

1 n n n
minL (a) = {EZ Z yl—yjaiajK(xl-, xj) - Z le}
i=1 i=1 i=1
St Xy, =00<q;<CVi=12,..,n 4)

where a;, N, and K(xi,xj) = ®(x;)Td(x;) are nonnegative
Lagrangian multiplier, number of training data, and Kernel
function, respectively. Among the different types of Kernel
function, Gaussian Radial Basis Function (RBF) is selected,
defined as follows:

2
K(x,x) = e Vllxi=xjl| )

where y is the Kernel parameter.

The optimum decision function is achieved by solving
this quadratic programming problem using training data
with a; > 0 called support vectors [26].
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1
b =— Z Yi— Z a;yiK(xirxj) @)
Ngy | 4 .
i=1 i=1

Although the idea of SVM was first presented for binary
classification, it can be applied for multiclass problems. One-
against-all (OAA), one-against-one (OAO), and one-step (OS)
are among the most practical methods to deal with multiclass
problems. It is mentioned that OAO has more accuracy and
low computation burden [27]. In OAO, n(n-1)/2 classifiers are
constructed and trained for two classes, then the vote for i
class is increased by one otherwise j class vote is added by
one. Finally, the class with the highest vote wins.

2.1.3. Optimization of MSVM regarding feature
selection

Particle Swarm Optimization (PSO) is one of the
renowned evolutionary algorithms inspired by a flock of birds
searching for food. Although each bird has its own velocity,
the others movements can affect an individual bird’s velocity
and direction. Other behavioral stimulants such as inertia,
cognitive stimulant, and social stimulant will be also
influential [28]. According to the discussion above, the
mathematical model for PSO is as follows:

Vit = o x V! + ¢, xrand,(\) x (Pbest; — Xf)

+C, x rand,(.) X (Gbest; — X})

Xit+1 — Xlt + Vit+1;

i =123, ..., Nswarm (8)

where C;, Crare called learning factors and o is inertia weight.

In an original PSO algorithm, the above parameters remain
constant. Inertia weight controls the next iteration speed. C;
is considered as a cognitive parameter due to its ability to
follow its own best value; however, C; is for tracking Gbest.

According to (6) and (7), C and y need to be selected
properly to give a high accuracy in the estimation of SVM
classifier. In addition, an optimum number of features have to
be selected. To attain these goals, the PSO algorithm is used
to solve (3) and find the best set of features. The overall
procedure is as follows:

Step 1: Take all the measured signals

Step 2: Extract features from the input signal.

Step 3: Select a feature of the input signal (It must not be in
the Set With the Best-Selected Features (SWBSF)) and put it
aside with the SWBSF.

Step 4: Optimize SVM by PSO algorithm to find the best C
and y regarding 10 fold-cross validation.

Step 5: Check the Step5 to Step 6 for all features that do not
exist in the SWBSF. In addition, select and place the best of
them in term of the lowest misclassification error in the
SWBSF.

Step 6: If the classification accuracy does not change
significantly, stop the process and choose the optimum C and
v, as well as SWBSF. Otherwise, go to Step 3.

2.2. Harmonic Injection
When the fault occurs in the meshed microgrid, its
occurrence will be detected by the approach presented in the
previous section. However, due to the meshed structure of
microgrid, the faulted line is still unknown. To deal with this

issue, while the fault is detected, two DGs placed at the
beginning and the end of faulty zone inject voltage/current
harmonic. As the fault causes voltage decrease in the meshed
microgrid, one of the DG in faulty zone experiences the
highest voltage drop. As a result, First DG is the one, which
its fundamental voltage has the lowest value in comparison
with adjacent DGs. Then, this DG injects a distinct high-
frequency harmonic signal and measures the connected-lines
impedances in that high frequency. Since the fault will result
in low high-frequency impedance, the connected line with the
lowest high-frequency impedance is part of the faulty zone.
Based on this fact, the first DG identifies the second DG
based on the line with the lowest high-frequency impedance,
and sends a notification signal to the second one.
2.2.1.  Harmonic Selection and Detection

Selecting frequency of harmonic components depends on
different criteria such as having no interaction with the LCL
filter resonant frequency, grid resonant frequency, and
fundamental-frequency dependent harmonics (e.g. 5%,
7% which are equal to 250 Hz and 350 Hz, respectively, in a
50 Hz system) [29]. This paper chooses 325 Hz, 275 Hz, and
375 Hz as appropriate frequencies for the injected signal by
DG1, DG2, and DG4, respectively. In addition, according to
the structure of the proposed method, both the fundamental
and harmonic components of frequency 275 Hz, 325 Hz, and
375 Hz have to be detected. To address this issue, the present
paper uses the Multiple Second-Order Generalized Integrators
(MSOGI) based filter because of'its good disturbance rejection
capability, fast dynamic response and acceptable
computational burden (see Fig. 3) [30].

[

OO0
Vaasi| Vasso| Vo] |

V3251

2 2
o5 W Vaszs” + Vpazs

Fig.3. MSOGI structure for fundamental and harmonic
extraction of frequency 325 Hz.

2.2.2. Control System

As mentioned before, microgrid may operate in both
islanded and grid-connected modes. Such a microgrid requires
both VCM and CCM DGs. The unit operating in VCM/grid
forming is shown in Fig. 4 (a) and others in CCM/grid
following are shown in Fig. 4 (b). As shown in Fig. 4 (a) and
(b), the current and voltage harmonic references of 325 Hz are
added to the generated fundamental current and voltage
references, respectively. Since DG has to inject a harmonic of
325 Hz independently in each phase, the topology of DG must
be three-phase four-wire. Among different topologies of four-
wire systems, the three-leg inverter with split dc-link
capacitors is popular where the midpoint of the split dc-link
capacitors is connected to a neutral point [31].
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As in the natural (abc) reference frame, a Proportional
Resonance (PR) controller has a much better performance than
PI regulator [32], PR controllers are considered in the inner
control loops of both the VCM and CCM converters. Equation
(10) describes PR controllers in the s-domain for the voltage
and current control loops.

2.kpyp-wey. S

Gy = kpy + ©)
! v h=50,250,350, (57 + 2. weys + (wp)?)
275,325,375
2. krlh-wcl-s
G, = kpy + (10)
h=50,250,350, (52 + 2. 0gs + (wn)?)
275,325,375

where, w.y ., and wy are the cut-off frequencies for
current and voltage loops, and angular frequency for the
related A, respectively. In addition, ki, (k;) and k. (k,;) are
proportional and resonant coefficients of the voltage (current),
respectively. In the secondary control level, PI controllers are
applied to generate proper control signals to restore both
frequency and voltage to their nominal values. The related
equations are as follows [32]:

OF = kpg(Eyg — Eyc) + kig f((EIt/IG — Eyg))dt 1n

£ = kop(Fite = fuc) + kiy f (i — fue))de (12)

where, kpe(kpr) and kig(kir) are the parameters of PI controllers.

Once these correction values of voltage and frequency are
obtained, these signals are sent to the primary control of each
DG unit.

! - Lo | | Lo

l-a__|Current la 0aig
-PWM

© control E‘ Cy

T
Secondary control ViGa

- (SE.wz‘oudm‘vfa- éV’%G—n

Afsecondary s fgmw
V',B ! JMG-a
! Vea

@

Primary control

Vi g e
E Virtual i L {TPhase-MSOG

(a)

Active damping term

Calculate
current reference

Fig.4. Scheme of the control of phase-a of the three-phase
Jfour-wire DG with split dc capacitors. (a) VCM, (b)
CCM

As shown in Fig. 4 (b), for CCM-inverter the current
reference is generated according to active and reactive powers
references. Then, similar to VCM-inverter, the current error
passes through PR controller defined as follows:

2. kypp- - S
(s2+ 2. wys + (wp)?)

G = kpp +

h=50,250,350
275,325,375

(13)

2.2.3.  Harmonic blocking for VCM-DG and main
grid
The CCM-DG is modeled with a current source in parallel
with a large impedance; however, the VCM-DG is modeled
with a voltage source connected in series with a roughly low
value impedance. Regarding this issue, the CCM-DG does not
absorb any harmonic current, but the VCM-DG does.
Absorption of harmonic current will deteriorate the
performance of the proposed method, because it prevents
flowing of current harmonics from the DG to the fault point.
To deal with this issue, a high value of virtual impedance (VI)
must be added for the specific harmonic components. As DG1
is adjacent to DG2 and DG4, where DG2 and DG4 generate
harmonic signals at 275 Hz and 375 Hz respectively, DG1 has
to block harmonics in these two frequencies by a well-
designed VI. As shown in Fig. 5 (a), the single-phase MSOGI
extracts harmonic components of output current in 50 Hz,
275Hz, and 375 Hz. Then, each of its current harmonic
components is multiplied by a high virtual resistance. Finally,
all these values are added together to generate an additional
voltage reference and this term is added to the fundamental
voltage reference (see Fig. 4 (a)).

In the grid-connected configuration, the main grid acts as
a voltage source in series with the grid equivalent impedance.
As a result, the main grid will absorb the harmonic signals
injected by the DGs. In order to address this issue and let the
high-frequency harmonic currents flow from DGs to the faulty
point a parallel resonance filter is designed. Since the main
grid is located between DG1 and DG4 that has a capability to

i04(50 Hz) 5= V(50 Hz)

LLv-50 .
i,..(275 Hz), V,.(275 Hz) @ Vvia
iy.4(375 Hz), V,.,(375 Hz)

—>{1Phase-MSOGI|

Z
Lv-375)

(@

Lszs Cis
Lyss Cyrs

(b)

Fig.5. Schematic diagram for blocking harmonic. (a)
Virtual impedance, (b) Parallel resonance filter.

inject harmonic signals in 325 Hz and 375 Hz, two parallel
resonance filters are designed in series to block current
harmonics in these two specific frequencies. The structure of
parallel resonance filter with the capability of blocking
harmonics of frequency 325 Hz as well as 375 Hz is shown in
Fig. 5 (b).

3. Real-time Simulation Results

The meshed microgrid (Fig.1 (a)) with the parameters of
Table 1 and Table 2 is implemented in Opal-RT with sampling
time 20 ms to validate the effectiveness of the proposed
method.
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Table 1 Control parameters of the meshed microgrid.

Parameters Symbol Value

Voltage proportional term of VCM kov 1

Voltage resonant term of VCM (h=50) kevso 50
Voltage resonant term of VCM (h#50) krvh 10

Current proportional term of VCM kpt 20
Current resonant term of VCM (h=50) kn 1000
Current resonant term of VCM (h#50) kit 500
Cut-off frequency Wev 2
Cut-off frequency @l 2
Current proportional term of CCM Kpnt 300

Current resonant term of CCM (h=50) Kiuso 2500
Current resonant term of CCM (h#50) Kt 2500

Damping factor Kb 300
Virtual resistance for 50 Hz Ruso 4Q
Virtual for 275 Hz Ry27s 44 Q
Virtual resistance for 325 Hz Ruyazs 44 Q
Active power droop term kop 0.0003
Active power droop integral term kip 0.0015
Reactive power droop term kpo 0.2
Frequency proportional term Kpr 0.01
Inductance for 325 Hz Lazs 0.2398 mH
Inductance for 375 Hz Lazs 0.1081 mH
Capacitance for 325 Hz Caas, 1000 pF
Capacitance for 375 Hz Ci7s 1000 pF

Table 2 Electrical parameters of the meshed microgrid.

Parameters Symbol Value

DC voltage Vie 650V

Microgrid voltage Vmicrogrid 311V

Microgrid frequency F 50 Hz

Filter capacitance C 25 uF

Filter inductance L 1.8 mH

Output inductance Lo 1.8 mH

Constant active power load Pui 1500 W

Constant active power load  Pu3, Pr4 1000 W

Constant resistive load Rz, Ris 70.53 Q
Zi, 213,214,

Line resistance Zis, Zis, 211 1+j0.43 Q
Zis, Zvrio, Zin

Line resistance Zio, Z19 2+j0.86 Q

In order to demonstrate the efficiency of the proposed method,
directional overcurrent relays (DOCRs) are coordinated by the
concept of protection relay dependency dimension and
primary protection relay set [33]. According to this method,
{3,9,15,18} are selected as minimal breaking points
(MBPS).Then these set of DOCRS including
{3,11,{9,7,5,2},{15,13,20,22,17},{18,21,19,14,16},{18,21,1
9, ,11,2,4}, and {18,21,19,11,6,8,10} are coordinated.
Regarding this method, two scenarios are considered to

2 i 5 6 7

evaluate its performance. It must be noted it is assumed that
these DOCRs adaptively change their setting for different
possible scenario.

In the first scenario, as it is shown in Fig. 6, the main grid,
DG3, Load2 are disconnected at 1.1s, 1.2s, and 1.3s,
respectively. Then, a fault happens in line4 at 1.5s. As can be
seen from the Fig. 6, the current measured by R7 and RS
increase from 0.5 A to 14.34 A and 12.06 A, respectively. And
thanks to the proper coordination of the DOCRSs, the associate
circuit breakers of R7 and R8 disconnect the faulty line, which
is line4, in 1.689s and 1.697s, respectively. In the second
scenario, the main grid, load2 and DG3 are connected, and the
fault occurs in line4 at 0.5s (see Fig. 7). In this scenario, the
circuit breaker of R7 and R8 disconnect the line 4 at 0.5636 s
and 0.7896 s, respectively. This method has two
disadvantages, first, long operation time, which is due high
numbers of DOCRs that need to be coordinated. Another one
is that the parameters of DOCRs have to be tuned for each
scenario.
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Fig. 6. Real-time results for fault location in the meshed microgrid-scenarios 1 (regarding the adaptive DOCRs).
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Fig. 7. Real-time results for fault location in the meshed microgrid-scenarios 2 (regarding the adaptive DOCRs).

Different scenarios including grid-connected and islanded
modes, load connection/disconnection, line
connection/disconnection, DG connection/disconnection, and
different amount of fault resistances as well as fault locations
are considered to validate the effectiveness of the proposed
method.

In the first stage, fault has to be detected by selecting and
feeding an appropriate set of features to the trained SVM.
According to the modified SFS algorithm, the procedure of
feature selection starts with the five best features and adds a
new feature to each of those five until the classification
accuracy reaches a fix value in the consecutive iterations. The
obtained results presented in Table 3 show the first three
iterations of the proposed feature selective algorithm in blue,
pink, and green colors, respectively. According to this Table,
the RMS values of three phases are selected as an appropriate
set for feeding the SVM. The SVM with the parameters of
C=10 and =45 is trained and tested with 450 data and 90 data,
which include both faulty and normal situations, respectively.
Although three features have been fed into the SVM, the 3D
presentation of SVM hyperplane is not possible. Due to that,
each pair of three selected features are fed to the trained SVM
and shown in Fig. 8§ (a).

From the selected buses two measured impedances in two
distinct high-frequencies are fed to the MSVM to locate the
faulty line. For example, in order to locate fault in Line4,
Line5, and Line6, a MSVM with C=20 and =10 is trained and
tested with two impedances measured in 325 Hz and 375 Hz
from DG1 and DG4 for different scenarios. 750 scenarios as
well as 300 scenarios including fault with different locations
and fault resistances in these three lines are considered to train
and test the MSVM, respectively. Fig. 8 (b) shows how the
MSVM with inputs of the high-frequencies impendences can
locate fault in each pair of lines. According to this figure, the
faulty line is detected, regardless of the location.

Table 3 Feature selection for fault detection based on
modified sequential forward algorithm.

Selected Features in each step Class Type Accuracy
Normal

std (Ia) 7333%  66.66 %
std (Iv) 7333%  66.66 %
RMS (Vo) 88.33%  8336%
std (Ic) 7333%  66.66 %
Energy (Vb) 83.33%  76.66 %
std (In), Inst. (Va) 76.66 %  73.33%
std (Iv), Inst. (Va) 75 % 70 %
RMS (Vc), RMS (V) 9333%  90.33 %
std (Ic), std (Ta), 75 % 70 %
Energy (Vb), Energy (Va) 86.66 % 76.66 %
std (L), Inst. (Va), Inst. (V) 80 % 80 %
std (Iv), Inst. (Va), Inst. (Vc) 76.66 %  73.33%
RMS(Vc), RMS(Vb), RMS(Va) 100 % 100 %
std (Ic), std (Ia), std (Iv) 81.66% 8333 %

Energy (Vb),Energy (Va),Energy (Vo) 96.66 %  93.33 %

Regarding the trained SVMs for fault detection and fault
location, different scenarios are applied to validate the
effectiveness of the method presented in Fig. 2. In scenario 1
(see Fig.9), the microgrid transfers from grid connected to
islanded mode in 1.1 s, then DGs, line8, as well as load, get
disconnected at 1.2 s, 1.3 s, and 1.4s, respectively. It must be
emphasize that this scenario is taken into account to
investigate the proposed method for the microgrid where its
load, DG, and line get disconnected in grid-connected mode.
In addition, in this scenario, the fault is exerted in the islanded
microgrid, where such a stiff grid does not exist.
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Fig. 9. Real-time results for fault location in the meshed microgrid-scenarios 1 (regarding the proposed method)..

As shown in Fig.9, the fault detection signal, which is purpose of finding another DG candidate, which fault occurs
generated by the trained SVM working online, does not between them, the current amplitudes of connected lines (in
change it status to the faulty situation during these scenarios. 375 Hz) are investigated. As the fault results in highest flow
Finally, a three-phase fault to ground with R=0.0476 Q occurs of harmonic current in the faulty zone, the connected line to
in Line4 at 1.5 s, after 22 ms (at 1.522 s) the fault is detected. DG4, here Line5, observes the highest harmonic current and

While the fault is detected, amplitudes of DGs voltage (in 50 based on this another DG candidate is selected. It must be
Hz) are compared and the DG with the lowest amplitude noted again that the highest value of high- frequency harmonic
injects harmonic. Since DG4 has the lowest voltage amplitude current is identical to the lowest measured impedance in the
with the value of 26.65 V, this DG injects a current harmonic applied high frequency. Regarding this issue, Fig. 9 shows that
of 375 Hz with the amplitude of 2.5 A. Fig. 9 show that this line5 has the highest harmonic current. As a result, DG1 is
DG inject harmonic current around 1.53 s. Then, for the chosen as another candidate and this DG injects voltage
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Fig. 10. Real-time results for fault location in the meshed microgrid-scenarios 2 (regarding the proposed method).

harmonic with 1/10 fundamental values (here around 5 V) in
325 Hz. Figs.7 show the voltage and current of DG1, where
can be seen that applying voltage harmonic in 325 Hz leads to
currents harmonic. It must be noted that all DGs limit current
amplitude to 13 A to protect themselves from being damaged
during the faulty conditions. After harmonic injection by the
selected two DGs, the harmonic impedances are measured in
325 Hz and 375 Hz from DG1 and DG4, respectively. Based
on the measured values from DG1 and DG4, the trained
MSVM detect the faulty line, Line4 which is represented by
number 4 in Fig. 9, after 80 ms from occurrence of the fault at
1.579 s. While the location of faulty line is detected, the
tripping signal will be sent to the related circuit breakers,
which are located at the beginning and the end of Line4, for
fault isolation after 20 ms.

In scenario 2, microgrid operates in grid-connected mode
and all DGs, loads, and lines are connected. In this case, a
three-phase to ground fault with R=0.48 Q takes place in
Line4 at 1.2 s. As shown in Fig. 10, during the faulty situation
the load current is decreased because this load is constant
impedance with the value of Ripq2=70.53 Q. While the fault

4. Conclusion

In this paper, a communication-based high-frequency
impedance method is proposed for AC meshed microgrids.
The functionality of this protective scheme is distributed
among the DGs connected in microgrid, so that selected DGs
take the responsibility of harmonic injection for the purpose of
fault location. The main advantage of the proposed method is
elimination of line relays and determination of the faulty line
based on only measuring the voltage and current of DGs and
the lines connected to them. In addition, this protection system
is robust against change of microgrid operation mode, load
connection/disconnection, line connection/disconnection, and
DG connection/disconnection. In others word, the change in
topology of microgrid does not affect the performance of the
proposed protection system. In order to evaluate the

occurs, the SVM trained for fault detection detects fault in
22.3 ms (see Fig. 10). All voltages of DG1, DG2, and DG4 are
compared to find the one with the lowest fundamental value.
According to the Fig. 10, DG4 has the lowest voltage
amplitude and this DG will send harmonic currents in 375 Hz
with the amplitude of 2.5 A. In order to find the second DG
candidate that fault occurs between that and the first candidate,
the amplitudes of harmonic currents of all connected lines to
DG4 are investigated. Since Line5 has the highest harmonic
current in 375 Hz, DGl will be chosen as the second
candidate. This DG will inject harmonic voltage, because it is
controlled in VCM, with 1/10 of the fundamental value of
voltage. Fig. 10 shows the voltage and current signals of DG1.
As it can be observed, voltage harmonic is injected at around
1.3 s. The impedances with the values of 5.071 Q and 6.073 Q
are measured in 325 Hz and 375 Hz from DG1 and DG4 (the
two candidate DGs), respectively. These two values are then
fed to the trained MSVM to detect the faulty line, which is
connected between these two DGs. As shown in Fig. 8, the
trained MSVM finds the fault occurs in Line4, which is
represented by number 4, after 82 ms from occurrence of the
fault.

efficiency of the proposed method, two different scenarios are
considered. It is shown that in both scenarios, the fault is
detected in around 20 ms, and based on strategy of harmonic
injection by DGs, the faulty line is located in 80 ms.

Although this method has superior performance in term of
speed, and be high efficient in different configuration and
topology of the microgrids. The application of the proposed
method in some scenarios may involve some difficulties. For
example, it requires a communication system and demands
designing advanced signal processing/filtering techniques,
which may not be a trivial task, particularly for those who are
not expert in the field.
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