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ABSTRACT

In recent years, the concept of micro-grid has appeared as an appro-
priate way for the integration of Distributed Energy Resources (DERs)
in the distribution networks. However, micro-grids have encountered
a number of challenges from control and protection aspects. One of the
main issues relevant to the protection of micro-grids is to develop a suit-
able protection technique which is effective in both grid-connected and
stand-alone operation modes. This article presents a new micro-grid
protection strategy based on positive-sequence impedance using Pha-
sor Measurement Units (PMUs) and a designed Microprocessor-Based
Relay (MBR) along with a narrowband communication system (only to
exchange digital information, not electrical power). The main attribution
of the proposed scheme is that it has the ability to protect micro-grids
containing either radial or looped feeders; additionally, the capabili-
ties of automatic updating of pick-up threshold value and single-phase
tripping have been considered in the designed MBR. Finally, in order to
verify the effectiveness of the suggested scheme and the designed MBR,
several simulations have been undertaken by using DIgSILENT Power-
Factory and Matlab software packages.

Keywords: Micro-grid protection, grid-connected mode, islanded mode,
positive-sequence component.

INTRODUCTION

Advances in technology and the increasing concerns associated
with global warming have motivated researchers to explore cleaner and
more efficient systems. In order to mitigate the negative influences of
fossil fuel based generation upon the environment, a novel approach is
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to produce electricity by cleaner Distributed Energy Resources (DERs) in
the vicinity of the customers’ sites [1-3]. For this reason, the utilization
of DERs such as wind turbines, photovoltaic systems, micro gas turbines
and fuel cells has attracted more attention in recent years.

One suggested way for the integration of widespread proliferation
of DERs is through micro-grids. Micro-grid is substantially defined as
a collection of electrical/heat loads, parallel DERs and energy storage
devices which can function in synchronism with the main grid (grid-
connected mode) or in isolation from the remainder of the distribution
network (islanded mode) [4-7]. The micro-grid protection philosophy
is that it functions in grid-connected mode of operation under normal
circumstances, but in case a fault takes place in the main grid side, it
is disconnected from the rest of the network at the Point of Common
Coupling (PCC) and is transferred to the islanded mode [8-10]. Figure 1
shows the structure of a typical micro-grid.
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Figure 1. Structure of a typical micro-grid

The most significant advantage of micro-grid is that it can provide
high-reliability and high-quality power for the customers who need
uninterruptible power supplies. In addition, a significant cost saving
comes from the application of Combined Heat and Power (CHP) sys-
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tems in micro-grids. Notwithstanding numerous advantages provided
by micro-grids, they may pose some technical challenges which need
to be fulfilled for researchers. Micro-grid protection and its entities is
one of them [11-13]. Protection of micro-grids cannot be attained by the
same philosophies which have traditionally been applied in distribution
networks. The reason is that a protection scheme for micro-grids should
take the followings into account: (a) bidirectional power flow in feeders;
(b) existence of looped feeders; (c) decreased magnitude of the fault cur-
rent in stand-alone operation mode [14-16]. As a result, the traditional
overcurrent-based protection strategies are ineffective for micro-grids
and some alternative strategies should be employed.

In a study by Oudalov and Fidigatti [17], an adaptive protec-
tion strategy was suggested, applying digital relaying and advanced
communication technique. In the presented technique, the protection
settings were updated periodically by means of Micro-Grid Central
Controller (MGCC) in accordance with micro-grid operating modes.
However, the proposed strategy necessitated updating or upgrading
the protection devices which are presently applied in the distribution
networks; moreover, fault calculations were relatively sophisticated for
a micro-grid functioning in different modes. Dewadasa and his research
group [18, 19] proposed an additional methodology for inverter-based
micro-grids. In their developed strategy, an admittance relay with in-
verse time tripping characteristics was designed. Despite the fact that
the strategy had the ability to protect micro-grids either in grid-connect-
ed or in stand-alone mode, it was unable to protect micro-grids includ-
ing rotating-based DERs. The further shortcoming of the strategy was
that it was designed for only radial micro-grids. Tumilty et al. and Red-
fern and H. Al-Nasseri [20, 21] put forward a new protection approach
based upon voltage measurements to protect autonomous micro-grids
against different kinds of faults. Nevertheless, the suggested approach
did not take account of grid-connected operating mode, High Imped-
ance Faults (HIFs) as well as single-phase tripping. Jayawarna et al. [22,
23] proposed the installation of energy storage devices (such as batter-
ies, flywheels, etc.) within the micro-grid to equalize the magnitude of
short-circuit current in both grid-connected and stand-alone modes of
operation. By the application of such devices, micro-grid could still be
protected using conventional overcurrent-based protection, but required
adaptive protective devices. The major drawback of the proposed strat-
egy was that the cost pertaining to such devices with high short-circuit
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capacity was extremely disadvantageous. In a study by Sortomme et
al. [24], a differential-based protection strategy was introduced which
was able to protect micro-grids including radial or looped feeders in
both modes of operation. However, the strategy was only effective for
protection of lines and had not the ability to protect buses connected to
DERs or loads. Nikkhajoei et al. [25] established an alternative protec-
tion method based upon symmetrical components. The authors applied
zero- and negative-sequence currents to protect micro-grids against
asymmetrical faults. However, the suggested technique was ineffective
in detecting three-phase faults; besides, the capability of single-phase
tripping had not been taken into account in the method. Subsequently, in
a research by Zamani et al. [26] another protection strategy was devised
using zero- and negative-sequence components which had the ability to
protect micro-grids against different kinds of faults; also, the proposed
strategy did not require communication system. The main problem as-
sociated with the proposed method was that it was to a large extent
dependent on the network configuration, because the method had been
designed for only radial micro-grids and was not capable of protecting
micro-grids containing looped feeders; furthermore, due to the need
for zero-sequence current in the proposed method, its implementa-
tion necessitated the application of specific types of transformers (only
grounded transformers) inside the micro-grid.

This article presents a protection strategy for micro-grids using
Phasor Measurement Units (PMUs) and a designed Microprocessor-
Based Relaying (MBR) which can detect and isolate different kinds of
faults in both grid-connected and islanded modes. The major feature of
the developed strategy is that it is entirely independent of the micro-grid
structure; furthermore, the capability of automatic updating of pick-up
threshold value is taken into account in the designed MBR. Therefore, in
the event of any change in the micro-grid configuration (such as discon-
nection of a line or a bus either in grid-connected mode or in islanded
mode, transferring to the islanded mode of operation, as well as micro-
grid expansion), the pick-up threshold value can be automatically read-
justed according to the new structure.

The remainder of this article is organized as follows: next techni-
cal challenges in the protection of micro-grids are discussed; then the
protection scheme is proposed; different parts of the designed MBR are
introduced; simulation results using case studies are given; and finally, a
conclusion is summarized.
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TECHNICAL CHALLENGES IN THE
PROTECTION OF MICRO-GRIDS

The majority of the distribution networks are designed to operate
in radial mode, in which the power flows in one direction from higher
voltage levels to lower voltage levels. Because of this, the protection of
such networks is accomplished using simple and relatively low-cost
overcurrent-based protective devices such as overcurrent relays, reclos-
ers and fuses. When a micro-grid is formed in a distribution network, the
configuration is changed to a complicated multi-source power system.
The protection of micro-grid should be in such a way that a safe and
secure protection is provided in both grid-connected and stand-alone
operation modes [27, 28]. Nevertheless, the function of micro-grid in
these two modes creates some new protection problems. During grid-
connected operation mode, since micro-grid provides a large short-cir-
cuit current to the fault point, the protection can be performed by exist-
ing protective devices within the distribution networks, but in islanded
mode, fault currents are drastically lower than those of grid-connected
mode due to the presence of inverter-based DERs inside the micro-grids.
The reason is that such types of DERs are designed to restrict their out-
put current to approximately twice their rated current to protect their
power devices. Hence, the employment of traditional overcurrent-based
protective devices in micro-grids is no longer valid and some alternative
protection schemes should be developed.

PROPOSED PROTECTION SCHEME

This article presents a protection scheme for micro-grids using
PMUs and a designed MBR, thereby detecting different kinds of faults in
both grid-connected and islanded modes of operation. In the proposed
protection scheme, the PMUs which are responsible for extracting volt-
age and current phasors (magnitudes and their respective phasor angles)
based upon digital sampling (at rates of at least 30 samples per second)
of Alternating Current (AC) waveforms, are installed at both ends of
each line of micro-grid. Subsequently, the information extracted by
PMUs of each line is transferred to the MBR of that line through a digital
communication system. Having occurred a fault within the micro-grid,
the information received by PMUs in all MBRs is analyzed, and then the



12 Distributed Generation and Alternative Energy Journal

fault occurrence, location of fault, and faulted phases are recognized by
the relevant MBR or MBRs. Subsequently, depending on the fault type,
tripping signals are issued to the relevant circuit breakers.

Detection of Fault Incident

In case a fault takes place in a power network, it transfers from a
balanced to an unbalanced status. In addition, because of the existence
of single-phase DERs inside the micro-grids, they are inherently oper-
ated under unbalanced circumstances. As a result, presenting a method
based upon symmetrical components can be considerably effective in
differentiating between unbalanced and faulty conditions. Symmetrical
components approach, developed by C.L. Fortescue, is one of the most
effective ones which is applied to transform a three-phase unbalanced
system into three sets of symmetrical balanced phasors, namely posi-
tive-, negative- and zero-sequence components. In case a fault strikes
within a network, these symmetrical components are formed depending
on the fault type. Table 1 illustrates the existence of symmetrical com-
ponents during different types of faults. As can be seen from the table,
the positive-sequence is the only component which exists in all types of
faults. For this reason, in this study, the positive-sequence component is
employed to detect different kinds of faults.

Table 1. Existence of symmetrical components during different types of faults

Fault Type Positive-Sequence | Negative-Sequence | Zero-Sequence
Single Line to Ground Yes Yes Yes
Line to Line Yes Yes No
Line to Line to Ground Yes Yes Yes
Three Phase Yes No No

Detection of Fault Location

As mentioned earlier, the majority of the proposed methods to
date are strongly dependent on the micro-grid configuration. In order
to possess an appropriate method having the ability to protect different
micro-grids with different configurations, micro-grid feeders should be
sectionalized in such a way that each section (micro-grid’s line or bus)
is protected independent of other sections. To fulfill this, the upstream
and downstream of each line are replaced with its upstream and down-
stream equivalent circuits, respectively. Both of these equivalent circuits
include a voltage source in series with impedance. Figure 2 indicates the
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upstream and downstream equivalent circuits of Line 12 of Figure 1 dur-
ing a fault.

Figure 2. Upstream and downstream equivalent circuits of Line 12 of Figure 1
during a fault
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During a fault occurrence shown in Figure 2, different symmetrical
components are created depending on the fault type. The equivalent
circuit diagram in the system of symmetrical components for different
kinds of faults by considering upstream and downstream equivalent
circuits are depicted in Figure 3.

By replacing the equivalent impedance of negative- and zero-
sequence networks between terminals AB of positive-sequence network
for all types of faults, a general model for the analysis of different kinds
of faults can be developed. The developed model is demonstrated in
Figure 4, in which impedance Z, , , is the representative of negative- and
zero-sequence networks.

Depending on the fault type, the value of the impedance is dif-
ferent. Equation 1 expresses the value of impedance Z g ovfor different
types of faults:

eq2,

Zeqo + Zeqz  for single line to ground faults

Zeqz for line to line faults
Zeazo = ZogollZeqz  for line to line to ground faults (1)
0 for three phase faults
where,

Zeqo = (Zyo + Z1yo)I(Zpo + Z1po)
Zeqz = (Zyz + Ziy)|(Zpz + Z1p2)
In the proposed protection scheme, after the detection of fault inci-

dent, the faulted section is recognized by the developed model of Figure
4 in such a way as to compare the value of upstream and downstream
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Figure 4. Developed general model for the analysis of different kinds of faults

equivalent positive-sequence impedances, before and after the fault.
In fact, when a fault occurs inside a line, impedance Z eq2,0 is created
between points C and D. Therefore, the values of both upstream and
downstream equivalent positive-sequence impedances after the fault
(Z1;1) Zpy) remain equal to the values of those impedances before the
fault Z;; (prey Zy (prey but in case a fault occurs at the upstream or down-
stream of a line, respectively, only the value of Zp;,or only the value of
Z,;; remains constant after the fault.

Figure 5 depicts the single-phase diagram of the proposed protec-
tion scheme for Line 12 and its adjacent buses in the micro-grid shown in
Figure 1. As can be seen in the figure, MBR_Line12 has three outputs for
each phase. When a fault occurs inside of Line12, the values of both (Z;;,
Zpy) remain constant; in fact, both PMU13 and PMU14 see the fault in
their forward side, so the Linel2 Fault Trip signal is issued to both CB13
and CB14, but in case a fault occurs at Busll, the values of Z; from
MBR_Linel2 and Z;;; from MBR_Linell remain constant, so PMU12 and
PMU13 Reverse Fault Trip signals are issued respectively from MBR_
Linell and MBR_Linel2, and disconnect CB12 and CB13. Similarly, in
case of a fault incident at Bus12, PMU14 and PMU15 Reverse Fault Trip
signals are issued respectively from MBR_Linel2 and MBR_Line13, and
disconnect CB14 and CB15.

DESIGNED MICROPROCESSOR-BASED RELAY (MBR)

Figure 6 displays the schematic diagram of MBR_Linel12. As can be
seen in the figure, it consists of four main parts, namely, fault incident
detector, fault locator, faulty phase detector and blocking signal issue-
maker, each of which are described in detail in the following subsec-
tions.
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Figure 6. Schematic diagram of MBR_Linel2
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Fault Incident Detector

As explained earlier, the positive-sequence component is the only
component which exists in all types of faults. Therefore, in the proposed
protection scheme, the component is used to detect different kinds of
faults. When a fault occurs in a section, the positive-sequence current
magnitude of that section is increased; hence, the fault occurrence can be
detected by comparing the magnitude before and after the fault. In the
designed MBR, for the detection of fault in each section, a fault incident
detector is allocated. However, as a fault in one section may increase
the positive-sequence current magnitude of other sections, the MBRs of
other lines may issue fault trip signals and therefore CBs of several sec-
tions are disconnected. Hence, a fault locator is also considered in the
designed MBR.

Fault Locator

As mentioned in Subsection 3.2, the faulted section is identified
based on changes in the values of upstream and downstream equivalent
positive-sequence impedances before and after the fault. In the designed
MBR, this function is performed by fault locator. Prior to fault incident,
the fault locator, first, calculates the values of Thevenin’s Equivalent
Positive-Sequence Impedances (TEPSIs) at both ends of each section,
and then it deploys the values to determine the values of impedances
Zu (prey a0 Zpy pre)-

Finally, the faulted section can be recognized by comparing the
values of upstream and downstream equivalent positive-sequence im-
pedances before Z; (,0) Zpy (re) and after Zyy Zp; the fault.

In order to determine the TEPSI of each point within the micro-
grid, this article introduces an online methodology by using three con-
secutive voltage and current measurements of PMUs at different time
instants. Since any changes in the frequency of the micro-grid system
will lead to slip between micro-grid frequency system and the PMU
sampling frequency, phase angles of voltage and current for these three
measurements will be different.

Figure 7 illustrates the equivalent circuit diagram of the positive-
sequence network for Line 12 (of Figure 1) prior to fault occurrence.

The positive-sequence voltage equation for PMU13 terminals using
Thevenin’s model is as follows:

VlPMU13 = EthMU13 + ZthMLI13 ° IIPMUIS (2)
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Figure 7. Equivalent circuit diagram of the positive-sequence network for Line
12 (of Figure 1) prior to fault occurrence
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where,

E; pyvis = Thevenin’s equivalent positive-sequence voltage source at
PMU13 terminals

Zupmuis = Thevenin’s equivalent positive-sequence impedance at
PMU13 terminals

Positive-sequence phasor diagrams of Equation (2) for two differ-
ent measurements at PMU13 terminals are indicated in Figure 8.

Since E py13 is the Thevenin's positive-sequence equivalent volt-
age source, its magnitude for both measurements are identical, but its
angle in the 2"d measurement is shifted by an angle equal to the phase
drift. Referring to Figure 8, E, py; 13 €quation for the 15t measurement
can be written as:

2 — 2 2 . 72 .
EthMU13 - VlPMU131 + IlPMU131 ZthMU13 + 2V1PMU131

Lipmurs, * Zeipmurs - €0s(8 + @) 3)

By expanding, cos (6 + ¢;,), Equation (3) can be expressed as follows:

2 — 2 2 .72 .
EthMU13 - VlPMUlBI + IlPMU131 ZthMU13 + 2PlPMU131

Reipmu1z = 2Q1pmuis; * Xerpmuis (4)

Where Ry pariiz and X,iparq3 denote the resistance and reactance
of the Thevenin’s equivalent positive-sequence impedance, as well as
Pipaviuns; and Qipmuisy which respectively represent active and reactive
powers flowing through Line 12. Likewise, the E,; py; 13 €equation for the
2nd measurement can be written as:

2 _ u2 2 72 :
Efipmuiz = Vipmuizy, + lipmuisy, - Ziipmuiz + 2P1ipuuisy,

_ 5
Re1pmuis 2Q1PMU13” " Xe1pMU13 ©)
By subtracting Equation (5) from Equation (4):
2 2 2 2 2
VlPMU13I - VlPMU13” + (IlPMU13, - IlPMU13”) “Ziipmurz T
(6)

Z(PlPMUISI - P1PMU13H) ) RthMU13 - 2(Q1PMU131 -

Q1PMU13”) *Xeipmu1z = 0
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Equation (6) can be arranged as follows:

2 2
R Pipmuis;—Pipmuisy, X QipMU13;—Q1PMU13 )
t1pPmMu13 T 2 7 +{Xerpmuiz — 3 7 =
ipmuis;~lipmutsy, ipmuis;~Hpmutsy,

2 2 2 2
Vipmu1z,~ViPMu1s, n (P1PMU13,—P1PMU13”) (Q1PMU13,—Q1PMU13”)

5 —12 5 —I? 5 —12
1PMU13; “1PMU13j; 1PMU13; "1PMU13jy 1PMU13; “1PMU13p;

(7)

This is the equation of a circle in the positive-sequence impedance plane
which indicates a locus for the Thevenin’s equivalent positive-sequence
impedance seen from PMU13 terminals. As it does not specify a certain
value for Z,;pyp3 @ third measurement is required so that it is used
with the first and second measurements to create another two circles for
Z1pmuis- Figure 9 shows the positive-sequence impedance plane includ-
ing the circles obtained from three different measurements. As shown in
Figure 9, the value of Thevenin’s equivalent positive-sequence imped-
ance seen from PMU13 terminals is specified by the intersection of the
three circles.

T T

10 T T

R t1PMU13
X t1PMU13

Z11PMU13

Reactance(Ohm)

Resistance(Ohm)

Figure 9. Positive-sequence impedance plane including the circles obtained
from three different measurements
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According to Thevenin’s theorem, Thevenin’s equivalent imped-
ance for any two-terminal of the network is the impedance seen from
those terminals when the sources are set to zero. Hence, Z;py ;13 for
PMU13 terminals of Figure 7 is equivalent to ZU1 |1(ZL1 + ZD1). By set-
ting this equal to the calculated ZtIPMU13 from the intersection point of
the three circles:

Zt1PMU13¢41. = ZU1(pre) I (ZL1 + ZD1(pre)) (8)
By following the same procedure for PMU14 terminals of Figure 7:

Zt1PMU14c,]. = ZD1(pre) |1(ZL1 + ZU1(pre)) 9)

By solving Equations (8) and (9), the values of ZU1(pre) and
ZD1(pre) are obtained. Subsequently, fault locators related to each sec-
tion compare the values of ZU1(pre) and ZD1(pre) with the values of
ZU1 and ZD1 after the fault incident and identify the faulted section.

Faulty Phase Detector

Single-phase tripping capability has long been regarded as an
effective way of improving system security and reliability. It leads to
removal of unnecessary interruptions of the unaffected phases in case
the fault does not involve all three phases. In the designed MBR, having
detected the faulted section by means of the fault locator, the affected
phases of that section are identified through faulty phase detector. The
faulty phase detector compares the positive-sequence current magni-
tude of each phase of the faulted section before and after the fault, and
then issues the proper disconnection signals to the relevant circuit break-
ers of that section.

Blocking Signal Issue-maker

In order to update the values of ZU1(pre) and ZD1(pre) as well as
precluding from mal-operation of MBRs for the second fault, a blocking
signal issue-maker has been considered in designing the MBRs. In fact,
after the isolation of the first fault (inside or outside of micro-grid), a
Fault Incident signal is issued from the Central Protection Unit (CPU)
to all MBRs. The signal is responsible for resetting the memories as well
as blocking the outputs of all MBRs within the micro-grid until the new
values of ZU1(pre) and ZD1(pre) are determined. To fulfill this, a Posi-
tive Edge-Triggered Monostable Multivibrator is used. Once it received
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a Fault Incident signal resulted from the disconnection of CBs within the
micro-grid, generates an output pulse with the duration of T. It is clear
that the duration of the pulse should be more than the time which is
needed so that the values of ZU1(pre) and ZD1(pre) are updated.

SIMULATION RESULTS

In order to evaluate the effectiveness of the proposed scheme and
the designed MBR, several simulations have been carried out by using
DIgSILENT PowerFactory and Matlab software packages. The configu-
ration of the simulated micro-grid which, hereinafter is referred to as
“study micro-grid” as well as the case studies are presented in the fol-
lowing subsections.

Study Micro-grid

The single-line diagram of the study micro-grid is illustrated in
Figure 10. As can be seen in the figure, the study micro-grid is connected
to the main grid by means of a 69kV/24.9kV Dyn transformer. It also
includes two photovoltaic parks and one wind farm which are interfaced
with the network through respective YNyn transformers. The informa-
tion associated with the applied transformers, DER units, loads, cables,
as well as the configuration of conductors of the study micro-grid are
listed in Tables 2 to 6.

Case Studies

To prove the efficacy of the designed MBR in the grid-connected
and islanded operating modes, several MBRs have been simulated, but
due to space restriction and format requirements of this publication,
only the simulation results of MBR_Line203 is included in this article.
According to the simulation results, the calculated values of upstream
and downstream equivalent positive-sequence impedances (from in-
tersection of circles) for Line 203 before the fault incidents in both grid-
connected and islanded operating modes are as follows:

7 _ { 8.7424 (1)  for grid — connected mode
ULL203 (pre)cqr. — (11.1013 (Q) for islanded mode

7 _ { 8.5436 () for grid — connected mode
D1L203(Pre)cqr. — {10.8321 () for islanded mode
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Table 5. The information associated with the cables in the study micro-grid

Conductor Type Nominal Current (kA) DC Resistance (ohm/km) GMR (mm) Outer Diameter (mm)

#1ACSR 0.23 0.695936 1.359408 10.1092
#2ACSR 0.18 1.050117 1.274064 8.127999
where,

ZU1L203(pre)cal = Upstream equivalent positive-sequence impedance
of PMU203 (U)

ZD1L203(pre)cal = Downstream equivalent positive-sequence imped-
ance of PMU203 (D)

Tables 7 and 8 indicate the simulation results of MBR_Line203 dur-
ing different kinds of faults at the midpoint of Lines 203 and 302 (F1 and
F2 in Figure 10) in both grid-connected and islanded operating modes,
respectively.

CONCLUSION

This article proposed a novel protection strategy using positive-
sequence component for micro-grids. The proposed strategy which ad-
dresses the protection issues of a micro-grid in both modes of operation
can be implemented through PMUs, a designed MBR and a narrowband
communication system. The salient feature of the proposed protection
strategy is that it does not depend on the micro-grid configuration and
can be applied for micro-grids including radial and looped feeders. It
also has the ability to automatically update the pick-up threshold value.
Furthermore, the proposed strategy enables single-phase tripping to in-
crease security of supply. Lastly, in order to demonstrate the efficacy of
the proposed protection scheme and the designed MBR, several simula-
tions were accomplished by using DIgSILENT PowerFactory and Mat-
lab software packages.
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