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Microgrid Fault Detection Method Coordinated
with a Sequence Component Current-Based Fault
Control Strategy

Zihao Wang and Longhua Mu

Abstract—The fault characteristics of microgrids are
affected by the penetration of inverter-interfaced distrib-
uted generators (IIDGs). It makes conventional protection
schemes no longer applicable. With different grid codes in
different countries, IIDGs need to adopt different posi-
tive-sequence low-voltage ride-through (LVRT) control
strategies during LVRT. Therefore, conventional protec-
tion schemes have to be modified according to the specific
microgrid structure and the IIDGs’ LVRT strategy. In
order to adapt to different grid codes, a sequence com-
ponent current-based fault control strategy and a coor-
dinated microgrid fault detection method are proposed in
this paper. The fault control strategy of IIDGs compre-
hensively considers the coordination between voltage
support and fault characteristics generation, where the
sequence currents are controlled separately. The posi-
tive-sequence current control strategy aims at supporting
the microgrid voltage, whereas the negative-sequence
current control strategy aims at generating or enhancing
specific fault characteristics. Based on the proposed fault
control strategy, the grid-feeding IIDGs can be equivalent
to current sources and generate or enhance the nega-
tive-sequence fault characteristics in the equivalent addi-
tional networks of negative-sequence components. The
fault feeder can then be accurately located by analyzing
the phase relationship between the negative-sequence
fault components of voltage and current phasors. A coor-
dinated microgrid fault detection method based on the
fault control strategy of IIDGs is proposed. The proposed
fault control method makes the fault component protec-
tion principle applicable to all types of faults under any
operational modes of microgrids. Finally, the correctness
and effectiveness of the proposed coordinated fault con-
trol and protection strategy are verified in
PSCAD/EMTDC.

Index Terms—Microgrid protection, coordination of
control and protection, fault characteristics, fault com-
ponent.
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I. INTRODUCTION

nverter-interfaced distributed generators (IIDGs)

formed by distributed power supplies are connected
to a microgrid through power electronic devices [1], [2].
The microgrid is an important part of a power system in
which IIDGs can help to maintain bus voltage and fre-
quency stability, supply energy and generate specific
fault characteristics. However, the plug-and-play of
IIDGs changes the topology of a microgrid and raises a
difficulty in fault detection and protection [3], [4].

In a traditional power system powered by only one
synchronous generator (SG), the current direction is
unidirectional from the SG to the load side. On the other
hand, with the connection of IIDGs the current direction
is now bidirectional so that the conventional unidirec-
tional current-based protection schemes are no longer
suitable [S]. A protection scheme using solid-state uni-
directional fault current limiter to limit the downstream
fault current is proposed in [6], and both protection and
power quality issues are considered. However, this
method requires additional hardware in the microgrid,
which is an uneconomic solution. Reference [7] pro-
poses a multiterminal hybrid differential protection
scheme based on a wireless communication network.
Thus the impact of IIDGs can be reduced, but the
overall hardware cost will increase. To deal with the
problem of low fault current level in a microgrid with
IIDGs, an adaptive over-current protection scheme is
proposed in [8]. Based on traditional over-current pro-
tection, this method adaptively modifies the threshold of
current relays to accommodate the connection of IIDGs.
Similarly, some improved current-based protection
schemes are presented in [9]-[12], but they cannot
protect islanded microgrids effectively owing to the low
short-circuit current contribution of IIDGs.

With a fault inception in a microgrid, [IDGs should
adopt the low voltage ride-through (LVRT) control
strategy to stay connected and support the system. The
LVRT criterion specifies the positive-sequence current
during the fault, and the LVRT control strategies are
different for different national grid codes. In LVRT
mode, [13] analyzes the fault characteristics and pro-
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poses corresponding fault detection methods and pro-
tection schemes. Combined with the LVRT control
strategy, specific fault characteristics can be generated
by fault control strategies of IIDGs in specific scenarios.
In [14], [15], different off-nominal frequency signals
are generated by IIDGs to form superimposed networks
based on these specific frequencies, and conventional
fault detection methods can then be applied in these
superimposed networks. However, some types of IIDGs
and loads may show low resistance characteristics at
certain frequencies and absorb most of these signals.
Therefore these methods may not be reliable for com-
plex microgrids. An auxiliary voltage controller is
proposed in [16] to enhance the fault characteristics for
a transient monitoring function-based fault detection
method. Methods of generating or mimicking the fault
characteristics of an SG are also presented in [17], [18].
During faults, IIDGs will imitate the output current
characteristic of an SG, so that the distance protection
and fault phase selection methods can still be applicable.
Therefore the fault control strategy and protection coor-
dination design that can generate or enhance the specific
fault characteristics is the state-of-the-art technology to
deal with the challenges of microgrid protection.

Different control strategies of IIDGs will affect the
electrical characteristics of a microgrid and the fault
characteristics. Owing to the controllability of IIDGs,
fault characteristics can be generated in multiple coor-
dinate systems or networks. A third harmonic voltage
injection method is proposed in [19], in which the spe-
cific frequency voltage component injected by IIDGs
forms a specific frequency superimposed network. Then,
a coordinating harmonic time-current-voltage direc-
tional relay is designed to detect specific frequency fault
characteristics. For a three-phase system, the
three-phase electrical signals can be decomposed into
positive-, negative-, and zero-sequence components.
These decoupled sequence components can be con-
trolled by IIDGs independently and used as fault char-
acteristics [20]. Reference [21] reveals the impact of
positive- and negative-sequence output power of an
IIDG on microgrid voltage, and the fault component
principle is adopted to develop the fault models and
fault calculation method of the microgrid. However, this
work mainly concentrates on the positive-sequence fault
component, while the negative-sequence fault models
and the corresponding fault detection methods still need
further study.

Asymmetrical faults are common in a microgrid, and
thus the negative-sequence components can be used as
fault characteristics in these cases. However, when an
asymmetrical high-impedance fault occurs, the nega-
tive-sequence fault characteristics in the microgrid are
not obvious. In addition, there is no negative-sequence
component when a symmetrical fault occurs. To address
these problems, a sequence current-based fault control

strategy and a coordinated fault detection method are
proposed in this paper. A typical master-slave con-
trolled microgrid is analyzed, one which contains
grid-forming and grid-feeding IIDGs. The symmetrical
component method is used to analyze the fault charac-
teristics in different fault conditions. The fault compo-
nent principle is applied to fault modeling, and its lim-
itation with penetration of IIDGs is introduced. Then a
sequence component current-based fault control strat-
egy is proposed. With a fault inception, the phases of
negative-sequence fault currents are determined and the
amplitudes of negative-sequence fault currents are
strengthened by grid-feeding IIDGs. The specific fault
characteristics exist in both symmetrical and asymmet-
rical fault conditions so that the conventional fault
component protection principle is still valid. Based on
these negative-sequence fault characteristics, a new
fault detection method is presented. By monitoring the
negative-sequence fault components on buses, the fault
feeder can be accurately located. Finally, the effec-
tiveness of the proposed negative-sequence cur-
rent-based fault control strategy and fault detection
method is verified by PSCAD/EMTDC.

This remainder of the paper is organized as follows.
Section II presents the relationship between fault types
and symmetrical components, and indicates the ap-
plicability and limitation of the fault component principle.
A sequence component current-based fault control strat-
egy is proposed in Section III, and Section IV analyzes the
fault components and proposes a new fault detection
method. The effectiveness and correctness of the proposed
control strategy and detection method are verified by
PSCAD/EMTDC in Section V. Section VI concludes the

paper.

II. APPLICABILITY ANALYSIS OF FAULT COMPONENT
PRINCIPLE

A. Fault Types and Symmetrical Component Method

Assuming that under normal operation of a
three-phase SG system without IIDG, the magnitudes of
the three-phase voltages are equal while their phase
differences are 120°. When an asymmetrical fault oc-
curs, the phase voltages become asymmetrical and the
amplitudes are no longer equal. The imbalance degree is
dependent on the fault type.

Using the symmetrical component method, a
three-phase sinusoidal signal can be decomposed into a
set of positive-, negative-, and zero-sequence signals. In
medium- or low-voltage microgrids, the ungrounded
mode is adopted so that there is no zero-sequence
component.

In normal operational conditions, the phase voltages
are symmetrical, and thus only positive-sequence
components exist. When line-to-ground and line-to-line
(to-ground) faults occur, the negative-sequence compo-
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nents appear. Taking a phase-A-to-ground (AG) fault and
a phase-B-to-phase-C (to-ground) (BC or BCG) fault as
examples, the composite phasor diagrams are shown in
Fig. 1.

Fig.1. The composite voltage phasor diagrams of faults. (a) Phase
A-to-ground fault. (b) Phase B-to-phase C (to-ground) fault.

Figure 1(a) shows the composite voltage phasor dia-
gram when there is an AG fault. In this case, the voltage
amplitude of phase A is the smallest and the voltage
amplitudes of the other two phases are equal. The phase
difference between the positive- and negative-sequence
components is 180°. Figure 1(b) shows the composite
voltage phasor diagram when there is a BC(G) fault,
where the voltage amplitude of phase A is the largest

and the voltage amplitudes of other two phases are equal.

The phase difference between the positive- and nega-
tive-sequence voltage components is 0°.

When a fault occurs, the phase angle of the posi-
tive-sequence voltage will decrease. On the other hand,
the phase angles of the negative-sequence voltage
components are quite different and dependent on the
fault type. The analysis method in Fig. 1 can be applied
to other fault types. The relationships between the pos-
itive- and negative-sequence voltages and fault types
are shown in Table 1.

However, with penetration of IIDGs, these phase re-
lationships are affected such that the traditional protec-
tion method for an SG system is no longer valid.

TABLE 1
PHASE DIFFERENCES BETWEEN POSITIVE-AND
NEGATIVE-SEQUENCE VOLTAGE COMPONENTS

Faulttype AG BC(G) BG ACG) CG  AB(G)
Phase differ- ¢ 0 -60 120 60  -120
ence(’ )

B. The Fault Component Principle
According to the superposition principle, any current

or voltage signal can be considered as the sum of two
components: normal-running and fault components.
The fault component can be calculated using superim-
posed networks [22]. Assuming that i (z) and v_(¢)
are the current and voltage of the normal-running sys-
tem, while 7, (¢) and v (¢) are the current and voltage of

the faulted system, the fault components Ai (r) and
Av, () can be expressed as:

{AW) =i () =i, (1) M
Av () = v () =, (1)

As (1) indicates, the fault component of current or
voltage can be calculated by subtracting the nor-
mal-running (pre-fault) current or voltage from the
post-fault current or voltage. Thus, the fault components
do not exist in normal conditions but will appear if a
fault occurs in the microgrid.

The fault component principle can be applied to dif-
ferent sequence components, such as positive- and
negative-sequence components. Similarly, since the pos-
itive- and negative-sequence components are decoupled,
they can be controlled and analyzed separately.

C. Applicability and Limitation of the Fault Component
Principle

The fault component principle is a powerful tool to
analyze faults in microgrids. Combined with the sym-
metrical component method, the fault component prin-
ciple can be adopted in positive-, negative- and ze-
ro-sequence component networks.

A simplified structure of an ungrounded microgrid is
shown in Fig. 2(a). The utility grid, or a grid-forming
IIDG, or a diesel generator, maintains the voltage and
frequency stability of the microgrid. A grid-feeding
IIDG like a Type-4 wind turbine or photovoltaic cell is
is the

feeder impedance. Since the positive- and nega-
tive-sequence impedances are almost equal, they are
and Z;,.., - When a fault
occurs on the feeder, the equivalent additional network
of the positive-sequence fault component can be estab-

connected to provide power. In Fig. 2, Z;

eeder

both represented by Z,

eeder]

lished as shown in Fig. 2(b). Z, is the impedance of
the utility grid or the grid-forming IIDG, Aw; is the
additional positive-sequence voltage source at the fault
point, and R; is the fault resistance. According to the
German grid code, the grid-feeding IIDG should output

positive-sequence power to the microgrid during the
fault. Thus, it can be equivalent to an additional posi-
tive-sequence current source i,,,, controlled by the
positive-sequence voltage at point of coupling (PC) [13].
Since the positive-sequence fault components exist
under both symmetric and asymmetric faults, the model
in Fig. 2(b) is always valid. However, because of the
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plug-and-play of IIDGs, the fault characteristics may be
affected.

When an asymmetrical fault occurs on the feeder, the
equivalent additional network of negative-sequence
fault component is shown in Fig. 2(c). The asymmetric
fault leads to the emergence of an additional nega-

tive-sequence voltage source Au, . Since the [IDG does
not output negative-sequence current, it can be equiva-
lent to impedance Z, ;. Thus, the connection of IIDG

changes the total impedance of the system, and affects
the fault characteristics.

When a symmetrical fault occurs on the feeder, Fig.
2(c) will be transformed into Fig. 2(d). Since the sym-
metrical fault will not lead to the emergence of a nega-
tive-sequence voltage source, Fig. 2(d) is a passive
network. Therefore, there will be no negative-sequence
fault component in this network.

Owing to [IDGs’ varied control strategies, connecting
positions and grid codes, the sequence component
networks in Fig. 2 will be affected by the connection of
[IDGs. The fault characteristics of a microgrid will also
change with the penetration of IIDGs. Hence, the ap-
plicability of the protection schemes based on the fault
component principle is limited.

Load
Grid-
feeding
IIDG

Utility grid
Grid-forming
IIDG

Zosr

(a)

Fig.2. Simplified microgrid and equivalent additional sequence
component networks. (a) Simplified structure of microgrid. (b)
Positive-sequence network. (c) Negative-sequence network
under asymmetrical fault. (d) Negative-sequence network under
symmetrical fault.

III. A SEQUENCE COMPONENT CURRENT-BASED
FAULT CONTROL STRATEGY

From the analysis represented by Fig. 2, it can be
concluded that sequence component networks can be
controlled independently by IIDGs’ sequence compo-
nent control strategies. When a microgrid is in a fault
condition, IIDGs should adopt the LVRT control strat-
egy to remain connected. In a medium-voltage system,
IIDGs are required to output reactive power to support
the grid voltage. This will affect the sequence compo-
nent networks and fault characteristics of the microgrid.
Therefore, in the LVRT mode, the fault control strategy
of IIDGs should also consider coordination between
grid voltage support and fault characteristics enhance-
ment of microgrid protection.

In this paper, a sequence component current-based
fault control strategy is proposed as shown in Fig. 3.
The fault control strategy is coordinated with grid
voltage support in the positive-sequence component
network and fault characteristic enhancement in the
negative-sequence component network.

A. The Positive-Sequence Current Control Strategy

For the grid-feeding IIDGs, the control object is to
output a constant current to provide a constant posi-
tive-sequence power. In the synchronous rotating ref-
erence orthogonal coordinate, the average value of

positive-sequence active power P’ and reactive power

out

Q. of an IIDG can be expressed as:

out

+ 3 + 7+
}?::ut = 5 Ud Iref.d
3 (2)
Qout == E Ud Iref.q

where U, represents the d-axis positive-sequence

+
ref.q

voltage amplitude at PC; /., and I represent the

d-axis and g-axis components of positive-sequence
current reference signal I, respectively.

When a fault occurs in the microgrid, the grid-feeding
IIDGs should output positive-sequence reactive current

Iy, to support the grid voltage, described as:

0’ 0‘9Uratc < U;—d < Uratc
U+
IEVRT.q = kpkclmax (1 - Uﬂd Jﬁ Umin < U;—d < 0'9Urate
rate
1 max ] };ault s O < Uter < Umin

€)

where Uy, is the d-axis positive-sequence fault voltage

at PC; U, is the voltage when I/, reaches the

maximum value; Ure is the rated voltage; &, is the

support rate of the positive-sequence current determined
by the national grid code; £, is the vector compression
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rate determined in (6); /__ is the maximum output of the electrical quantities. From (3), it is concluded that
when the fault severity is light, i.e., U, > 09U, , the

rate >

current of IIDG; and 7, is the negative-sequence

output current during the fault. grid-feeding IIDGs will not output additional posi-
The proposed positive-sequence fault control scheme  tive-sequence reactive current. Thus, different fault volt-
age levels will lead to different positive-sequence fault
characteristics. This will also lead to the failure of the
positive-sequence fault component protection principle.

is shown in Fig. 3(a), where i and u_ represent the
output current and capacitor voltage of the IIDG, re-
spectively. In Fig. 3, the superscripts “+” and “—” rep-
resent the positive- and negative- sequence components

u;
u, —» dg '
Eq.(2). ”_*’p Prime
3).(6 abe , Mover
’_‘)_’( ). (6) abc
o of. ef.q y . , )
(a) of Tor v
o o e e e e e et e m e mmm o m m mmm  mmmm i m mm e mme
L
g
PWM 5;
)

3 Phase difference between Table I ABC(G) ‘ Fault type Voltage ampl‘ilude and
: positive- and negative- |« AG, BG, CG angle-based fault type
| sequence components AB(G), BC(G), AC(G) distinguisher
i (e) PC
| LI Lo
; «—— | Sequence € Notch
§ w, o, Component u, Filter ;
s €— Extractor [+ w Hz ]

A A . H
: I P,

e’ PLL | ——
9] i

Fig. 3. The control structure of sequence component current-based fault control strategy. (a) Positive-sequence Control. (b) Nega-
tive-sequence Control. (c) Fault type distinguishing. (d) Angle and amplitude extracted.

B. Negative-Sequence Current-Based Fault Control Lyes U, <090,
Strategy U
To solve the problem of different fault characteristics Ly =10.51 Nee T 51— Uf'd )1 Neg? 09U, <U{, <U,,
at different fault voltage levels, the proposed nega- Lo
: O’ Uf d Urate
tive-sequence current-based fault control strategy :
should generate the specific negative-sequence fault “)

characteristics during grid faults. From the analysis where I, is the amplitude of the maximum nega-

represented in Fig. 2(c), a negative-sequence voltage  tive-sequence output current.

source will appear during an asymmetrical fault. Thus, Because the positive-sequence fault voltage exists in
in order to make the proposed negative-sequence cur-  all types of faults and can directly reflect the fault se-
rent-based fault control strategy valid for both sym-  verity, the negative-sequence fault current is set to be

metrical and asymmetrical faults, the phase and ampli-  controlled by U, . Figure 3(b) illustrates the proposed

tude of IIDG output current should be considered negative-sequence current-based fault control scheme.

comprehensively. Based on the proposed negative-sequence cur-

In contrast to the additional positive-sequence reac-  rent-based fault control strategy, the IIDGs will output
tive current output which does not exist when the fault  pegative-sequence current when a voltage sag occurs.
severity is light, the negative-sequence fault current The npegative-sequence output current reaches its
output should always be retained during a grid fault  maximum value when the voltage sag is more than 10%.
regardless of the fault severity. The amplitude of the At that time, the sequence component networks in Figs.
negative-sequence fault current is: 2 (c) and (d) will be transformed into Figs. 4 (a) and (b),
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respectively. When a symmetrical or asymmetrical fault
occurs, the IIDGs will always output the nega-
tive-sequence fault current. In other words, the nega-
tive-sequence fault characteristics will always exist. In
Fig. 4(a), the negative-sequence fault characteristics
will be enhanced by IIDGs, while Fig. 4(b) shows a
single power supply structure. For a multiple
IIDGs-based microgrid, the negative-sequence fault
characteristics will be generated and enhanced during
symmetrical faults. Therefore, the proposed nega-
tive-sequence current-based fault control strategy will
extend the applicability of the fault component protec-
tion principle.

I Arums.i

Fig. 4. Simplified microgrid and equivalent additional sequence
component networks with sequence current-based fault control
strategy. (a) Negative-sequence network under an asymmetrical
fault. (b) Negative-sequence network under a symmetrical fault.

C. Composite Sequence Component Fault Control
Strategye

The sequence component current-based fault control
strategy needs to comprehensively consider the current
limitation, and the positive- and negative-sequence
current control. The control block diagram of the
composite sequence component current control strategy
has been shown in Fig. 3.

In Fig. 3(d), the phase locked loop (PLL) block cal-
culates the angular frequency w, positive-sequence PC

voltage angle #* and negative-sequence PC voltage

angle 6~ . A notch filter is combined with the PLL block
to extract the IIDG output current i , the capacitor

voltage u_, and the PC voltage u at the angular fre-

quency w. In particular, w is set to 314 rad/s in this
paper for the 50 Hz system. A sequence component
extractor is adopted to extract the positive- and nega-
tive-sequence components of voltages and currents.
The fault type distinguishing block diagram is shown
in Fig. 3(c). When a fault occurs, the most important
thing is to distinguish the fault type and then determine
the phase difference between the positive- and nega-
tive-sequence voltage components. A fault type detec-
tion method using PC voltage proposed in [23] is

adopted in this paper. By referring to Table I, the phase
difference can be determined. As a result, the nega-
tive-sequence current controller, as shown in Fig. 3(b),
will regulate the phase of the negative-sequence output
current of IIDGs close to that of the additional nega-
tive-sequence voltage source. Therefore, as shown in
Figs. 4 (a) and (b), the negative-sequence fault charac-
teristics will be generated during symmetrical faults and
enhanced for asymmetrical faults.

To simplify the analysis, it is assumed that the output
electrical quantities of IIDGs can track their reference
values. For the negative-sequence control block, the
current amplitude is determined by (4), and the phase
difference AJ is determined in the fault type distin-
guishing block. Thus, the instantaneous value of the
negative-sequence current in abc coordinates, namely

can be expressed as:

cos(wt + 6" +AS)

i, , 1, and i,

i =1

a Fault

i =1Iou cos(a)t +0"+A5+ %) &)

i =1Ip, cos(a)t +0"+AS - 2{)

The positive-sequence current control strategy should
pay attention to the amplitude of the negative-sequence
output current and the current limit issue. As the voltage
sag increases, the output current reaches its limit, and
thus the reference value of the positive-sequence current
should be compressed accordingly. The vector com-

pression rate k, can be expressed as:

15 (Iqult +\é (]refd ) + ( refq ) < Imax )
ke=y 1. -1, Y
fout ([Faull (I ref.d ) + ( refq) > Imax )

\/(Imd) +( rch)
(6)

are the uncompressed reference

+' +'
where I, and I,

values of the d- and g-axis currents, respectively.

Thus, the instantaneous values of the posi-
tive-sequence output current in abc coordinates can be
expressed as:

i =1, cos(ot+6")
+ .2
INES A cos(wt +0" - ?j (7)

=1 cos(a)t +0" + Z?th

where I

e 18 the amplitude of the positive-sequence

fault current, expressed as:

Fault - ( retd) +( retq) (8)

where /., and I are the corresponding compressed

ref.q
reference values.
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IV. A NEW MICROGRID FAULT DETECTION METHOD
BASED ON THE SEQUENCE COMPONENT
CURRENT-BASED FAULT CONTROL STRATEGY

A. Application of the Sequence Component Current-Based
Fault Control Strategy

From the IEEE 1547 standard, a microgrid model is
shown in Fig. 5, where LD1-3 are loads, DG1-4 are
IIDGs, A1-A4, B1-B4, C1-C3 and D1-D3 are the
circuit breakers (CBs) of the feeders. The microgrid is
connected to the utility grid through a PCC switch.

Specifically, DG2—-DG4 represent the grid-feeding
IIDGs like photovoltaics or Type-4 wind turbines.
These adopt the negative-sequence current-based fault
control strategy and thus can be equivalent to nega-
tive-sequence current sources in the equivalent nega-
tive-sequence additional network. DGI1 represents a
grid-forming IIDG like a diesel generator, which can be
used as the main power source in the islanded microgrid
to provide stable voltage and frequency for the bus. In
particular, the main power source can only output posi-
tive-sequence voltage and thus can be equivalent to an
impedance in the equivalent negative-sequence addi-
tional network.

Bus C

BusB Tl C2
- DGI u i x—(:) DG2
‘ =) &
Grid > LDI

Utility
SAUAS - >._® DG3

PCC
—>1D2

Switch

Fig. 5. Model of the microgrid.

Taking the F1 fault at feeder B2C1 in Fig. 5 as an
example, the equivalent negative-sequence additional
networks are shown in Fig. 6. Based on the proposed
fault control strategy, the microgrid model can be de-
composed into four equivalent additional networks. In
the islanded mode in Figs. 6(a) and (b), the PCC switch
is off. DG1 works as the main power source and can be

equivalent to an impedance Z, . In the grid-connected
mode in Figs. 6(c) and (d), the PCC switch is on, and Z,

represents the impedance of the utility grid. DG1 adopts
the sequence component current-based fault control
strategy and thus can be equivalent to an additional

current source Ai . For the asymmetrical faults in
Figs.6 (a) and (c), an additional negative-sequence
voltage source Au, is in series with a fault resistance
R, at the fault point. For the symmetrical faults in Figs.
6(b) and (d), there is only R. at the fault point. In par-

ticular, the directions of the arrows in Fig. 6 represent
the positive directions of currents.

Bus A . 2 .
Aly, 7 iy
b “oel <5
Zy F oz, P/
. . i, Z
Ai Af, B3 D1
A Bl <+ .
— . ]A'
PCC Zn Adyy, oG
Switch <

Utility LU Y Ay,
Grid L

o e mE
7 Z o Alg,
’ ———
Bus D 7

Utility Ay, A, Ay,

Grid
z,g

Fig. 6. Equivalent additional networks of negative-sequence
fault components. (a) Asymmetrical fault in islanded mode. (b)
Symmetrical fault in islanded mode. (c) Asymmetrical fault in
grid-connected mode. (d) Symmetrical fault in grid-connected
mode.
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B. Asymmetrical Fault at F1

Assuming that a BC(G) fault occurs at F1, the phase
of the negative-sequence voltage is 0°. From Figs. 6 (a)
and (c), the phasor diagrams of the negative-sequence
fault components at feeder B2C1 are shown in Fig. 7,
where Fig. 7(a) represents those of bus C and Fig. 7(b)
represents those of bus B.

, Al
Ais . .
&‘% Ant. 'k Aiy,  Ang
= . & v
A.T\\* Ay, ‘-) 6,
o AV
(a) (b)

Fig. 7. Phasor diagrams of negative-sequence fault components
under asymmetrical fault. (a) Bus C. (b) Bus B.

As shown in Fig. 7, at the fault feeder B2C1, Au,
and Au, represent the respective negative-sequence
voltage fault components at bus C and bus B. Ai,,
Ai,
tive-sequence current fault components at bus C, while
Aiy, , Aiy,, Aiy; and Ai,, represent the respective

and Ai., represent the respective nega-

negative-sequence current fault components at bus B.
Ai., and Aiy, are generated by IIDG2 and IIDG3, re-
spectively, and their phase angles are close to that of the
bus voltage. 6, represents the phase difference between
Au. and Aici, and 6, represents the phase difference
between Au, and Aiy,, both of which are in the range
of 0° to 90° and are:
6, =|£Au, - ZAi|
0, =|ZLAuy, — LAiy,|
0°<<g <90°
0° <@, <90°
For a non-fault feeder like A3BI, it is clear that (9)
will not be satisfied, i.e., the phase difference of A3 is in

the range of 0° to 90° whereas that of B1 is in the range
0f 90° to 180°.

)

C. Symmetrical Fault at F1

According to Figs. 6 (b) and (d), for a symmetrical
fault at F1, there is no additional voltage source at the
fault point. Therefore, the negative-sequence fault
components are only determined by the IIDGs. In
symmetrical fault conditions, [IDGs will output the
negative-sequence currents with a preset phase angle,
which is 0° in this paper. The phasor diagrams of the
negative-sequence fault components at feeder B2Cl1
when there is a symmetrical fault are shown in Fig. 8.

As shown in Figs. 8 (a) and (b), on the dou-
ble-terminal feeders, the negative-sequence current
fault components are mainly determined by the IIDGs.

The direction of the negative-sequence current is from
the IIDG to the fault point. Thus, the phase relationships
can be described as:

0, =|LAu. — ZAi,|
0, =|£Auy — LA, |
90° < @, <180°
90° < g, <180°

where 6, represents the phase difference between Au.

(10)

and Aici; and 6, represents the phase difference be-

tween Au, and Aiy,, both of which are in the range of
0° to 90°.

For a non-fault feeder like A3B1, the phase differ-
ence of B1 is in the range of 0° to 90°, and that of A3 is
in the range of 90° to 180°. Therefore, the phase dif-
ferences of the two terminals are in different phase
ranges.

Aig, Ai, Ay,
g‘f. . Au \‘i Au
& ——

Ai\ 13 —»

A"”l 4

(a) (b)
Fig. 8. Phasor diagrams of negative-sequence fault components
under symmetrical fault. (a) Bus C. (b) Bus B.
D. Asymmetrical Fault at F2

When an asymmetrical fault occurs at F2 in Fig. 5,
the additional voltage source appears and the current
phasor changes. The phasor diagram is shown in Fig. 9.
Aiy,, Aip, and Aij,, represent the negative-sequence

current fault components at bus D. 6, represents the

phase difference between Auj, and Ai,;, which is in

the range of 0° to 90°. Because of the voltage sag at the
end of the feeder, the phase relationship can be de-
scribed as:

{95 =|2Au, - £Aiy, an

0°< 6, <90°

Iy Ay

D3

Fig. 9. Phasor diagram of negative-sequence fault components at
bus D.

E. Fault Starting Criterion

To deal with intermittency, it is necessary to design a
fault starting criterion [13]. The IIDGs should determine
whether to start fault characteristic generation, and the
relays should determine whether to perform fault de-
tection according to the starting criterion.



WANG et al.: MICROGRID FAULT DETECTION METHOD COORDINATED WITH A SEQUENCE COMPONENT... 89

The amplitudes of the voltage fault components of
the bus are selected as the starting criterion:

A |+ |Au | +|Au| > U, (12)

where Au®, Au”,and Au’ are the positive-, negative-,
and zero-sequence voltage fault components of a bus
respectively; U_, is the starting threshold, and in this

set

study, it is assumed to be 0.02 U

rate *

F. Negative-Sequence Fault Component Based Microgrid
Fault Detection Method

The proposed coordinating fault control and protec-
tion strategy consists of two parts: the fault control
strategy of IIDGs and the protection strategy of the
microgrid. The fault control strategy is responsible for
generating fault characteristics, and the protection re-
lays are responsible for detecting them. If (12) holds, the
relays will perform fault detection based on the nega-
tive-sequence fault characteristics. By means of the
sequence component current-based fault control strat-
egy, specific negative-sequence fault characteristics are
generated. Thus, the new microgrid fault detection
method is summarized as follows:

1) For a faulted double-terminal feeder, according to
(9) and (10), the phase differences between the nega-
tive-sequence voltage and current fault components at
both terminals are in the same phase region, i.e., in the
range of 0° to 90° or 90° to 180°. For a non-fault dou-
ble-terminal feeder, the phase differences at its two
terminals are in different phase ranges.

2) For an asymmetrical fault at the branch feeder, the
phase difference between the negative-sequence voltage
and current fault components is in the range of 0° to 90°.
For a symmetrical fault, the phase difference is in the
range of 90° to 180°.

V. SIMULATION RESULTS

To evaluate the correctness of the proposed method,
the microgrid shown in Fig. 5 is simulated in
PSCAD/EMTDC. The neutral point ungrounded mode
is adopted in the microgrid. The voltage and frequency
of the system are 10 kV (line-line, RMS) and 50 Hz,
respectively. The grid-feeding IIDGs adopt the pro-
posed sequence component current-based fault control
strategy. The capacities of the grid-feeding IIDGs and
grid-forming IIDG are 500 kVA and 2000 kVA, respec-
tively. The capacities of the three-phase symmetrical
loads LD1-3 are (1200+j30) kVA. The positive- and
negative-sequence impedance of the feeders is
(0.38+j0.45) Q/km, and the zero-sequence impedance is
(0.76+1.32) Q/km. The length of the feeders AB, BC
and AD is 2 km, while the IIDGs and loads are con-
nected to the bus through 0.1 km feeders. The maximum

output fault current of the grid-feeding IIDGs and the
grid-forming IIDG are 2 and 5 times their rated current

respectively. 7y, is set to 10 A. The proposed fault

control strategy mainly focuses on the nega-
tive-sequence fault characteristics. Thus, priority is
given to the negative-sequence current output, and the
positive-sequence current is vector compressed ac-
cording to the output current limit. Therefore, the set-
tings of the maximum output fault currents of the IIDGs
will not affect the experimental results.

At 0.3 s, an asymmetrical fault occurs in the mi-
crogrid, and the current waveforms of [IDG2 are shown
in Fig. 10. IIDGs should calculate the voltage sequence
components to activate the negative-sequence fault
characteristics output according to (12). This step takes
one power frequency cycle. It can be seen from the
current waveforms that IIDG2 adopts the proposed fault
control strategy at 0.32 s, and quickly tracks the refer-
ence value and reaches steady state. The posi-
tive-sequence reactive current is generated according to
the terminal positive-sequence voltage, while the nega-
tive-sequence current is generated according to the fault
type. Then the relays will calculate the phase differ-
ences according to the negative-sequence fault charac-
teristics in the microgrid. This also takes one cycle.
Therefore, it only takes no more than 40 ms for fault

Phasc A Phase B

ey

0.35 0.40

0.10

i (kA)

0.25 0.3 .
Time (s)

Fig. 10. Current waveform of IIDG2.

Case 1: in islanded mode, a three-phase short-circuit
fault occurs at the midpoint of feeder B2C1 at 0.3 s, and
the fault resistance is 20 Q. The phases of the nega-
tive-sequence voltage and current fault components are
shown in Table II, where the phase differences have
been converted to (0°, 180°).

As shown in Table II, the phase difference of A3 is
127°, and that of B1 at the other terminal of the feeder is
61°. The phase differences at these two terminals are in
different ranges, indicating that A3B1 is a non-fault
feeder. For the feeder B2C1, the phase difference of B2
is 151°, and that of C1 is 113°. It satisfies the fault de-
tection criterion, and thus B2C1 is identified as the fault
feeder. The same analysis method can be applied to
feeder A4D1. As for the branch feeders like B4, C3 and
D3, it is difficult to calculate the phase difference of the
fault components because of the small changes in cur-
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rents. The fault detection criterion cannot be satisfied,
and thus these load branch feeders are non-fault feeders.

TABLE II
ELECTRICAL QUANTITIES OF ISLANDED MICROGRID WHEN A
THREE-PHASE FAULT OCCURS ON B2C1

method can be applied to the feeder B2C1. As for the
feeder A4D1, the phase differences at both terminals are
in the same phase range of 0° to 90°, and thus, A4D1 is
the fault feeder.

Case 3: In islanded mode, a phase A-to-phase C
short-circuit fault occurs on feeder D3 at 0.3 s, and the

Bus Electrical o . o g .
Position Quantity Phase (" ) Phase Difference (* ) fault resistance is 20 Q. The phases of the nega-
Au, 44 tive-sequence voltage and current fault components are
AQy, shown in Table IV.
Bus A Aiy, 120 76 TABLE IV
Ai,, -83 127 ELECTRICAL QUANTITIES OF ISLANDED MICROGRID WHEN A
Aiy, -14 58 PHASE-TO-PHASE FAULT OCCURS ON D3
Au, 38 Bus Electrical o . o
N 9 61 Position Quantity Phase (° )  Phase Difference (° )
B1
Bus B Aiy, -113 151 Au, -163
Aiy, -16 54 Ay,
Ai Bus A Aiy, -82 81
B4 .
Au, 37 iy 1424 153
Bus Aii, 150 113 Bl 1606 7
us -
Ail, 23 60 Aty
AL iy, -133 33
- Bus B Aiy, 22 172
Aty 3 Ai 124 70
Ai, 165 122 iy
Bus D " s o1 Ay, 7 173
A’j” Au -167
ips .
-157 10
: Bus € A 55 138
Case 2: In grid-connected mode, a phase A-to-phase A,
B short-circuit fault occurs at 0.3 s at the midpoint of Al 1(7)5 177
feeder A4D1, and the fault resistance is 20 Q. The if’" . 105
. 2 -
phases of the negative-sequence voltage and current BusD Ai"‘ 11 64
. D2
fault components are shown in Table III. AL 100 g5

TABLE III
ELECTRICAL QUANTITIES OF GRID-CONNECTED MICROGRID WHEN
A PHASE-TO-PHASE FAULT OCCURS ON A4D1

P olzil:iso 0 gi:g;;?{l P(l:as)e Phase Difference (° )

Au, =73
Ail, 56 129

Bus A Ai,, -121 48
Ai, -156 83
Ai,, -123 50
Auy =74
Ai, 24 98

Bus B Aiy,y -156 82
Ai, 149 75
AiB4
Aug -85

Bus C Aii, 24 109
Ai, -150 65
Aiy
Auyy =73

Bus D Al 2 »
Aiy, -133 60
Aiy, 105 178

As shown in Table III, for the feeder A3B1, the phase
difference of A3 is 83° and that of B1 is 98°, which
means A3B1 is a non-fault feeder. The same analysis

As shown in Table IV, for the double-terminal feed-
ers A3B1, B2C1 and A4D1, the phase differences at the
corresponding two terminals are in different phase
ranges, which indicates that they are non-fault feeders.
For the load branch feeders B4, C3 and D3, the phase
differences of B4 and C3 are in the range of 90° to 180°,
and thus B4 and C3 are also non-fault feeders. As for
feeder D3, the phase difference is 85°, which means it
can be identified as the fault feeder.

Case 4: In grid-connected mode, a phase A-to-phase
B short-circuit fault occurs at the midpoint of feeder
B2C1 at 0.3 s, and the fault resistance is 50 Q. The
phases of the negative-sequence voltage and current
fault components are shown in Table V.

As shown in Table V, for the double-terminal feeders
A3B1 and A4DI1, the phase differences at the two ter-
minals are in different phase ranges, which indicates
that they are non-fault feeders. As for B2C1, the phase
differences at the two terminals are in the same phase
range. Thus, the fault feeder B2C1 can be located.

Compared with Case 1, the microgrid in Case 4 operates
in the grid-connected mode, and DG1 adopts the proposed
fault control strategy. Even if the fault resistances are dif-
ferent with different fault types, the fault feeder B2C1 can
be identified in both islanded and grid-connected modes.
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TABLE V
ELECTRICAL QUANTITIES OF GRID-CONNECTED MICROGRID WHEN
A PHASE-TO-PHASE FAULT OCCURS ON B2C1

poton ouenetl TS phase Difference ()
Au, =73
Aiy, 54 127
Bus A Aiy, 59 132
Aiy, -127 54
Aiy, -127 54
Au, -76
Aiy, 54 130
Bus B Aiy, -126 50
Aiy, -139 63
Aiy, 87 163
Aug -76
Bus C Ai, 10 86
Aig, -140 64
Aig, 103 179
Auyy =75
BusD Aiy, 38 113
Aiy, -137 62
AiDJ
Case 5: In grid-connected mode, a three-phase

short-circuit fault occurs at the midpoint of feeder A4D1
at 0.3 s, and the fault resistance is 50 Q. The phases of
the negative-sequence voltage and current fault com-
ponents are shown in Table VI.

As shown in Table VI, for the double-terminal feed-
ers A3B1 and B2Cl1, the phase differences at the two
terminals are in different phase ranges, which indicates
that they are non-fault feeders. As for A4D1, the phase
differences at the two terminals are in the same phase
range. Thus, the fault feeder A4D1 can be located.

TABLE VI
ELECTRICAL QUANTITIES OF GRID-CONNECTED MICROGRID WHEN
A THREE-PHASE FAULT OCCURS ON A4D1

Polgiliison %32:;0;1 P(l:as)e Phase Difference (° )
Au, -63
Aiy, 57 120

Bus A Aiy, -121 58
Al -124 61
Aiy, -147 84
Auy -63
Aiy, 56 119

Bus B Aiy, -123 60
Ay -121 58
Ail]4
Au -64

Bus C Al 57 121
Ai, -122 58
Ay
Auy, -64

Bus D Ad, 20 84
Aiyyy -121 58
Aipy

Compared with Case 1, the microgrid in Case 5 op-
erates in grid-connected mode, and DG1 adopts the
proposed fault control strategy. During the symmetrical
faults, the fault feeder can be identified in both islanded
and grid-connected modes. Compared with Case 2, the
proposed coordinating control and protection scheme is
applicable to both symmetrical and asymmetrical faults.

VI. DISCUSSION

Traditional protection schemes are designed for
SG-based distribution networks. Some enhanced pro-
tection schemes which adjust the protection thresholds
through intelligent algorithms to adapt to the
IIDG-dominated microgrids have been studied. How-
ever, when the microgrid topology and grid code change,
the protection schemes and their thresholds need to be
re-tuned. Traditional protection schemes and their en-
hanced versions ignore the controllability of IIDGs.
Therefore, by taking LVRT, grid code and fault control
all into consideration, the coordinating fault control and
protection strategy is the most promising state-of-the-art
technology.

The proposed coordinating control and protection
scheme is able to protect a microgrid in all operational
modes under all types of faults with improved reliability.
The positive- and negative-sequence currents are con-
trolled independently for voltage support and fault
characteristic generation. Since the proposed fault de-
tection method is based on steady-state fault character-
istics, relays do not require high-speed communication
networks. The fault detection method is designed based
on the specific negative-sequence fault characteristics,
and therefore, when the positive-sequence LVRT con-
trol strategy or grid code changes, there is no need to
redesign the protection scheme for the microgrid. Alt-
hough some studies [24]-[26] have begun to focus on
IIDGs to generate fault characteristics, these control
strategies lack consideration of the coordination between
fault characteristic generation and voltage support.

The proposed fault control strategy is designed for in-
ertia-free IIDGs. Therefore, it is not applicable to IIDGs
with inertia such as virtual synchronous generators
(VSGs), Type-3 wind turbine generators, etc. In addition,
with a symmetrical fault inception, it takes an additional
cycle for IIDGs to generate fault characteristics.

VIL

A sequence component current-based fault control
strategy, which makes the fault component protection
principle applicable to a microgrid, is proposed in this
paper. A new microgrid fault detection method based on
negative-sequence fault component is presented. The
voltage support and fault characteristics generation of
IIDGs are comprehensively considered. During LVRT,
the positive-sequence control can flexibly support the
microgrid voltage according to different grid codes. From

CONCLUSION
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the fault control strategy of IIDGs, the fault models of a
microgrid can be improved. Specific negative-sequence
fault characteristics can be generated or enhanced under
symmetrical or asymmetrical faults. Without complicat-
ed calculation, protection relays can locate the fault
feeder accurately by analyzing the phase relationship
between the negative-sequence voltage and current fault
components. Based on the fault control strategy, the fault
detection method can deal with all types of faults in both
grid-connected and islanded microgrids. The proposed
fault control strategy and fault detection method make
full use of the coordination of IIDGs’ control and mi-
crogrid protection. Simulation results validate the cor-
rectness of the fault control strategy and the effectiveness
of the microgrid fault detection method.

ACKNOWLEDGMENT
Not applicable.

AUTHORS’ CONTRIBUTIONS

Zihao Wang: conceptualization, methodology, writ-
ing original draft. Longhua Mu: reviewing and editing,
supervision, and funding acquisition. Both authors read
and approved the final manuscript.

FUNDING

This work is supported by the Fundamental Research
Funds for the Central Universities (No. 22120210164).

AVAILABILITY OF DATA AND MATERIALS
Not applicable.

DECLARATIONS

Competing interests: The authors declare that they
have no known competing financial interests or per-
sonal relationships that could have appeared to influ-
ence the work reported in this article.

AUTHORS’ INFORMATION

Zihao Wang received the M.S. degree from Guangxi Uni-
versity, Nanning, China, in 2018. He is currently pursuing the
Ph.D. degree at Tongji University, Shanghai, China. His
current research interests are microgrid protection and con-
trol.

Longhua Mu received the B.E., M.E., and Ph.D. degrees in
electrical engineering from China University of Mining and
Technology, Xuzhou, China, in 1986, 1988, and 1998, re-
spectively. He has been a Full Professor in the Department of
Electrical Engineering, Tongji University, Shanghai, China,
since 2004. His current research interests include power sys-
tem protection and control, microgrid technology, integrated
energy systems, power electronics and its applications in the
power systems.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

REFERENCES

Y. Wang, J. Tang, and J. Si et al., “Power quality en-
hancement in islanded microgrids via closed-loop
adaptive virtual impedance control,” Protection and
Control of Modern Power Systems, vol. 8, no. 1, pp.
163-179, 2023.

J. F. Patarroyo-Montenegro, F. Andrade, and J. M.
Guerrero et al., “A linear quadratic regulator with op-
timal reference tracking for three-phase inverter-based
islanded microgrids,” IEEE Transactions on Power
Electronics, vol. 36, no. 6, pp. 7112-7122, Jun., 2021.
F. Liao, J. Chen, and W. Ou, “Fast station-area protec-
tion of a distribution line and its implementation,”
Power System Protection and Control, vol. 51, no. 18,
pp- 137-146, Sep., 2023. (in Chinese)

A. Anand and S. Affijulla, “Ensemble empirical mode
decomposition-based differential protection scheme for
islanded and grid-tied AC microgrid,” IET Generation
Transmission & Distribution, vol. 14, no. 26, pp.
6674-6681, Feb., 2020.

P. T. Manditereza and R. C. Bansal, “Protection of
microgrids using voltage-based power differential and
sensitivity analysis,” International Journal of Electrical
Power & Energy Systems, vol. 118, Jun. 2020.

A. E. Dahej, S. Esmaeili, and H. Hojabri,
“Co-optimization of protection coordination and power
quality in microgrids using unidirectional fault current
limiters,” IEEE Transactions on Smart Grid, vol. 9, no.
5, pp- 5080-5091, Nov. 2018.

T. S. Ustun and R. H. Khan, “Multiterminal hybrid
protection of microgrids over wireless communications
network,” IEEE Transactions on Smart Grid, vol. 6, no.
5, pp- 2493-2500, Sep., 2015.

N. El-Naily, S.M. Saad, and T. Hussein et al., “A novel
constraint and nonstandard characteristics for optimal
over-current relays coordination to enhance microgrid
protection scheme,” IET Generation Transmission &
Distribution, vol. 13, 780-793, Mar., 2019.

L. Zang, G. Zou, and C. Zhou, et al., “A d-axis based
current differential protection scheme for an active dis-
tribution network,” Protection and Control of Modern
Power Systems, vol. 7, no. 23, pp. 338-348, 2022.

M. Tang, H. Lu, and B. Li, “Fault location of
untransposed double-circuit transmission lines based on
an improved Karrenbauer matrix and the QPSO
algorithm,” Protection and Control of Modern Power
Systems, vol. 8, no. 3, pp. 738-751, 2023.

N. Liu, H. Gao, and B. Xu et al., “Pilot protection for an
AC transmission line of an offshore wind farm based on
similarity of current variation”, Power System Protec-
tion and Control, vol. 51, no. 9, pp. 66-75, 2023. (in
Chinese)

D. Liu, A. Dysko, and Q. Hon et al., “Transient wavelet
energy-based protection scheme for inverter-dominated
microgrid,” IEEE Transactions on Smart Grid, vol. 13,
no. 4, pp. 2533-2546, July, 2022.

Z. Wang, L. Mu, and C. Fang., “Renewable microgrid
protection strategy coordinating with current-based fault
control,” Journal of Modern Power Systems and Clean
Energy, vol. 10, no. 6, pp. 1679-1689, Nov. 2022.



WANG et al.: MICROGRID FAULT DETECTION METHOD COORDINATED WITH A SEQUENCE COMPONENT... 93

[14]

[15]

[16]

[17]

[18]

[19]

[20]

A. Soleimanisardoo, H. K. Karega, and H. H. Zeineldin,
“Differential frequency protection scheme based on
off-nominal frequency injections for inverter-based is-
landed microgrids,” IEEE Transactions on Smart Grid,
vol. 10, no. 2, pp. 2107-2114, Mar. 2019.

K. Saleh, M. A. Allam and A. Mehrizi-Sani, ‘“Protection
of inverter-based islanded microgrids via synthetic har-
monic current pattern injection,” IEEE Transactions on
Power Delivery, vol. 36, no. 4, pp. 2434-2445, Aug.
2021.

I. Sadeghkhani, M. Golshan, and A. Mehrizi-Sani,
“Transient monitoring function—based fault detection
for inverter-interfaced microgrids,” IEEE Transactions
on Smart Grid, vol. 9, no. 3, pp. 2097-2107, Sept., 2018.
A. Banaiemoqadam, A. Hooshyar, and M. A. Azzouz,
“A control-based solution for distance protection of
lines connected to converter-interfaced sources during
asymmetrical faults,” IEEE Transactions on Power De-
livery, vol. 35, no. 3, pp. 1455-2020, Oct., 2020.

M. A. Azzouz, A. Hooshyar, and E. F. El-Saadany,
“Resilience enhancement of microgrids with invert-
er-interfaced DGs by enabling faulty phase selection,”
IEEE Transactions on Smart Grid, vol. 9, no. 6, pp.
6578-6589, Jun., 2018.

W. T. El-Sayed, M. A. Azzouz, and H. H. Zeineldin et
al., “A harmonic time-current-voltage directional relay
for optimal protection coordination of inverter-based
islanded microgrids,” IEEE Transactions on Smart Grid,
vol. 12, no. 3, pp. 1904-1917, May 2021.

A. N. Sheta, G. M. Abdulsalam, and B. E. Sedhom et al.,

[21]

[22]

(23]

[24]

[25]

[26]

“Comparative framework for AC-microgrid protection
schemes: challenges, solutions, real applications, and
future trends,” Protection and Control of Modern Power
Systems, vol. 8, no. 2, pp. 363-402, 2023.

Z. Wang, L. Mu, and Y. Xu et al., “The fault analysis
method of islanded microgrid based on the U/f and PQ
control strategy,” International Transactions on Elec-
trical Energy Systems, vol. 31, no. 7, Apr. 2021.

S. M. Hashemi, M. T. Hagh, and H. Seyedi, “Transmis-
sion-line protection: a directional comparison scheme
using the average of superimposed components,” /[EEE
Transactions on Power Delivery, vol. 28, no. 2, pp.
955-964, Feb., 2013.

A. Hooshyar, E. F. El-Saadany, and M. Sanaye-Pasand.
“Fault type classification in microgrids including pho-
tovoltaic DGs,” IEEE Transactions on Smart Grid, vol.
7,no0. 5, pp. 2218-2229, Sep. 2016.

Z. Chen, X. Pei, and M. Yang et al., “A novel protection
scheme for inverter-interfaced microgrid (IIM) operated
in islanded mode,” IEEE Transactions on Power Elec-
tronics, vol. 33, no. 9, pp. 7684-7697, Sept. 2018.

A. Soleimanisardoo, H. Kazemi Karegar and H. H.
Zeineldin, “Differential frequency protection scheme
based on off-nominal frequency injections for invert-
er-based islanded microgrids,” IEEE Transactions on
Smart Grid, vol. 10, no. 2, pp. 2107-2114, Mar. 2019.
M. A. Azzouz and A. Hooshyar, “Dual current control of
inverter-interfaced renewable energy sources for precise
phase selection.” IEEE Transactions on Smart Grid, Vol.
10, no. 5, Oct., 2019.



