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The faults characteristics of the lines in ACmicrogrid are weakened due to the fault resistance, which may refuse protection action.
To solve the problems caused by different types of the faults through fault resistance (FTFR, the faults where the fault point resistance
is greater than zero) in ACmicrogrid, a novel FTFR protection scheme based on the active power of 0-frame component or 𝑑-frame
component consumed by fault resistance is proposed in this paper as the backup protection of FTFR. This proposed protection
scheme utilizes the active power of 0-frame component or 𝑑-frame component consumed by fault resistance to identify internal
FTFR and external faults. It performs well in grid-connected mode and islanded mode by adopting self-adaptive threshold and is
not affected by the factors such as the fault position and the fault resistance value. The theoretical analysis and various simulations
show that this protection scheme can identify and isolate different types of internal FTFR in ACmicrogrid with high reliability and
high sensitivity.

1. Introduction

AC microgrid is defined as a small distribution system
withDistributedGeneration (DG) sources, like photovoltaics
(PVs), wind turbines (WTs), and so forth, energy storage
systems (ESS), and local loads [1, 2]. AC microgrid can
operate in grid-connected mode and islanded mode, which
can provide reliable and sustained power supply to customers
[3].

However, the fault currents for grid-connectedmicrogrid
and islandedmicrogrid are significantly different, the bidirec-
tional flow [4, 5], and the faults characteristics are complex
because the inverter is connected to DG sources, which
represents a big challenge for AC microgrid protection [6–
8]. The protection scheme of AC microgrid can be classified
into two categories. The first category includes schemes
that rely on communication link to share the protection
information among the located devices, the microgrid, and
the main system and then to realize the online threshold
setting and the self-adaptive coordination with protection.
Reference [9] proposes a differential protection scheme using
communication-assisted digital relays. References [10, 11] use

an adaptive protection strategy, and the protection settings
were updated by means of microgrid central controller in
accordancewithmicrogrid operatingmodes, to overcome the
impact of two operation modes of microgrid on protection.
The second category includes schemes that use offline infor-
mation from the located relay. In [12], a protection scheme
that relies on the sum of zero sequence currents is proposed,
and it performs well for single-phase to ground faults and
phase to phase faults. Another protection scheme is to use
“𝑑𝑞0” components of the phase voltage at the DGs and then
compare with the reference to detect and isolate the fault in
microgrid [13].

The above protection schemes perform well for the solid
faults (the faults where the fault point resistance is zero)
of AC microgrid; however, they are ineffective against the
faults through fault resistance (FTFR, the faults where the
fault point resistance is greater than zero). And now most
studies are focused on the transmission network protection
against fault resistance. In [14], an adaptive impedance relay
is proposed by using the differential voltage between the
prefault voltage and the fault voltage of the faulted phase
at the relay location to enhance the capability against fault
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Figure 1: Typical structure of AC microgrid.

resistance, but it is only effective in the initial fault period.
Reference [15] introduces the improved differential protec-
tion criteria to solve the high-resistance grounding faults
under the overload condition, but it is not suitable for all
the conditions. Reference [16] proposes a protection scheme
based on the active power consumed by the fault resistance,
but it only works well for the single-phase high-resistance
faults, and it needs phase selecting device. Fault resistance
presents a challenge to the protection, and the percentage
of various types of FTFR in AC microgrid is significant.
Therefore, a novel protection scheme should be proposed to
solve this problem.

This paper proposes a novel backup protection scheme
against fault resistance for AC microgrid based on the
active power of 0-frame component or 𝑑-frame component
consumed by fault resistance. Different types of FTFR in AC
microgrid could be identified by this proposed protection
scheme. A self-adaptive threshold is introduced to solve the
problem that the sensitivity and reliability of the protection
are not satisfactory at the same time due to the factors, for
example, the value of fault resistance and fault position. Addi-
tionally, the self-adaptive threshold makes this protection
perform well in grid-connected mode and islanded mode.

The rest of this paper is summarized as follows. In
Section 2, the structure of AC microgrid and the novel
protection scheme against fault resistance are analyzed. In
Section 3, the self-adaptive threshold setting and the analysis
of protection sensitivity are presented. Section 4 focuses on
the detail of the protection scheme, including the application
scope of this protection scheme. In Section 5, a simulation
model is built using PSCAD/EMTDC, and extensive simu-
lations are conducted to verify the effectiveness of this AC
microgrid protection in grid-connected mode and islanded
mode. Finally, conclusions are presented in Section 6.

2. Structure of AC Microgrid and
Analysis of the Novel Protection Scheme
against Fault Resistance

2.1. Structure of ACMicrogrid. According to the definition of
CERTS, Figure 1 shows a typical structure of AC microgrid.
ACmicrogrids consist ofDG sources, energy storage systems,

local loads, control devices, protection devices, and so forth.
It has capabilities of self-control, self-protection, and energy
management. Considering the application of protection
devices, the reliable power supply, and other factors, the
neutral point of AC microgrid system, DG sources, and
energy storage systems are not grounded in this paper.

2.2. Analysis of the Novel Protection Scheme against Fault
Resistance Based on the 0-Frame Component or 𝑑-Frame
Component of Active Power Consumed by the Fault Resistance.
The faults in power system can be divided into two categories
according to the difference of the fault situation.One category
is the solid faults, and the other category is FTFR. The
characteristic of FTFR is the small fault current; therefore it
cannot be detected easily [17]. AC microgrid is a medium-
voltage or low-voltage distribution system with the low-
voltage level and the small power supply capacity; the faults
characteristics of the lines in ACmicrogrid are weakened due
to the fault resistance, which may refuse protection action.

To solve the problems caused by FTFR in AC microgrid,
this paper proposes a novel backup protection scheme that
can identify and isolate all types of FTFR (single-phase to
ground fault, double-phase to ground fault, three-phase to
ground fault, and phase to phase fault) effectively. Figure 2 is
the equivalent circuit of line𝑀𝑁 that occurs in internal FTFR
in Figure 1 (due to the low-voltage level of AC microgrid and
the fact that the length of the line inACmicrogrid is relatively
short, the ground capacitance can be ignored), and therefore
we take it as an example to analysis the proposed production
scheme.

The Park transform (𝑎𝑏𝑐-𝑑𝑞0) is used to calculate the 0-
frame component or 𝑑-frame component of the measured
currents from𝑀 side and𝑁 side, as shown in
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Figure 2: Equivalent circuits for internal FTFR. (a) Single-phase to ground internal FTFR. (b) Double-phase to ground internal FTFR. (c)
Three-phase to ground internal FTFR. (d) Phase-phase to ground internal FTFR.

where 𝜃 = 𝜔𝑡 + 𝜃0, 𝜃0 is the phase between 𝑎-frame and
𝑑-frame when 𝑡 = 0, and the 0-frame components of the
measured currents at𝑀 side and𝑁 side are 𝑖𝑀0 = (1/3)(𝑖𝑀𝑎+𝑖𝑀𝑏 + 𝑖𝑀𝑐) and 𝑖𝑁0 = (1/3)(𝑖𝑁𝑎 + 𝑖𝑁𝑏 + 𝑖𝑁𝑐); thus when the
frequency is definite, we have

𝐼̇𝑀0 = 1
3 (𝐼̇𝑀𝑎 + 𝐼̇𝑀𝑏 + 𝐼̇𝑀𝑐) ,

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑎 + 𝐼̇𝑁𝑏 + 𝐼̇𝑁𝑐) .

(2)

In order to utilize the self-characteristics of fault resis-
tance, the calculation formula of the equivalent fault resis-
tance in various cases is defined as
󵄨󵄨󵄨󵄨󵄨𝑍𝑓

󵄨󵄨󵄨󵄨󵄨 = 󵄨󵄨󵄨󵄨𝑍𝑀𝑎 + 𝑍𝑀𝑏 + 𝑍𝑀𝑐 + 𝑍𝑁𝑎 + 𝑍𝑁𝑏 + 𝑍𝑁𝑐 − 𝑍𝑙𝑎
− 𝑍𝑙𝑏 − 𝑍𝑙𝑐󵄨󵄨󵄨󵄨 =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑀𝑎
𝐼̇𝑀𝑎 +

𝑈̇𝑀𝑏
𝐼̇𝑀𝑏 +

𝑈̇𝑀𝑐
𝐼̇𝑀𝑐 +

𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏

+ 𝑈̇𝑁𝑐
𝐼̇𝑁𝑐 − 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 ,

(3)

where |𝑍𝑓| is the equivalent form of the fault resistance
and 𝑍𝑀𝑎, 𝑍𝑀𝑏, 𝑍𝑀𝑐, 𝑍𝑁𝑎, 𝑍𝑁𝑏, and 𝑍𝑁𝑐 are the measured
impedances at 𝑀 side and 𝑁 side of A-phase, B-phase, and
C-phase, respectively. 𝑈̇𝑀𝑎, 𝑈̇𝑀𝑏, 𝑈̇𝑀𝑐, 𝑈̇𝑁𝑎, 𝑈̇𝑁𝑏, and 𝑈̇𝑁𝑐
are the measured voltages at 𝑀 side and 𝑁 side of A-phase,
B-phase, and C-phase, respectively. 𝐼̇𝑀𝑎, 𝐼̇𝑀𝑏, 𝐼̇𝑀𝑐, 𝐼̇𝑁𝑎, 𝐼̇𝑁𝑏,
and 𝐼̇𝑁𝑐 are the measured currents at𝑀 side and𝑁 side of A-
phase, B-phase, and C-phase, respectively.𝑍𝑙𝑎 = 𝑍𝑀𝑙𝑎+𝑍𝑁𝑙𝑎,𝑍𝑙𝑏 = 𝑍𝑀𝑙𝑏+𝑍𝑁𝑙𝑏, and𝑍𝑙𝑐 = 𝑍𝑀𝑙𝑐+𝑍𝑁𝑙𝑐 are the definite line
impedances of A-phase, B-phase, and C-phase, respectively.

Remark 1. In AC microgrid, firstly the currents or voltages
need to be resolved into direct current (DC) term, fun-
damental sinusoidal term, and multiple sinusoidal terms
(harmonic wave) using Fourier transform; then fundamental
sinusoidal terms of the measured currents or voltages are
extracted, which are used in (3) as the measured currents
or voltages. Therefore, the values of |𝑍𝑓|, 𝑃𝑅𝑓0, and 𝑃𝑅𝑓𝑑
(mentioned below) are not affected although the currents or
voltages of (3) are not sinusoidal wave for some loads (e.g.,
uncontrolled rectifier load), so the proposed analysis and
protection scheme are still effective.

According to the 0-frame component or 𝑑-frame com-
ponent of the measured currents at 𝑀 side and 𝑁 side, the
equivalent fault resistance can be calculated. The proposed
protection scheme is analyzed in various cases as follows.

2.2.1. Single-Phase to Ground Internal FTFR. As can be seen
from Figure 2(a), themeasured currents at𝑀 side and𝑁 side
are 𝐼̇𝑀𝑎 = 𝐼̇𝑀𝑓𝑎, 𝐼̇𝑁𝑎 = 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑀𝑏 = −𝐼̇𝑁𝑏, and 𝐼̇𝑀𝑐 = −𝐼̇𝑁𝑐
when the internal single-phase to ground FTFR (A-phase to
ground, e.g.) takes place. Therefore, the 0-frame components
of the measured currents at𝑀 side and𝑁 side are

𝐼̇𝑀0 = 1
3 (𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑀𝑏 + 𝐼̇𝑀𝑐) ,

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑏 + 𝐼̇𝑁𝑐) ,

(4)

where |𝑍𝑓| can be calculated by using (3) as (the derivative
process is described in Appendix A)

󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨 =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
(𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑁𝑓𝑎)2
𝐼̇𝑀𝑓𝑎 ⋅ 𝐼̇𝑁𝑓𝑎 ⋅ 𝑅𝑓𝑎

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
. (5)
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In the aforementioned formulas, 𝐼̇𝑀𝑓𝑎 and 𝐼̇𝑁𝑓𝑎 are the
internal fault currents of A-phase at 𝑀 side and 𝑁 side,
respectively, and 𝑅𝑓𝑎 is the fault resistance of A-phase.
2.2.2. Double-Phase to Ground Internal FTFR. As can be seen
from Figure 2(b), the measured currents at 𝑀 side and 𝑁
side are 𝐼̇𝑀𝑎 = 𝐼̇𝑀𝑓𝑎, 𝐼̇𝑁𝑎 = 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑀𝑏 = 𝐼̇𝑀𝑓𝑏, 𝐼̇𝑁𝑏 = 𝐼̇𝑁𝑓𝑏,
and 𝐼̇𝑀𝑐 = −𝐼̇𝑁𝑐 when the internal double-phase to ground
FTFR (A-phase to ground, B-phase to ground, e.g.) takes
place. Therefore, the 0-frame components of the measured
currents at𝑀 side and𝑁 side are

𝐼̇𝑀0 = 1
3 (𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑀𝑓𝑏 + 𝐼̇𝑀𝑐) ,

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑓𝑏 + 𝐼̇𝑁𝑐) ,

(6)

where |𝑍𝑓| can be calculated by using (3) as |𝑍𝑓| = |((𝐼̇𝑀𝑓𝑎 +
𝐼̇𝑁𝑓𝑎)2/(𝐼̇𝑀𝑓𝑎 ⋅ 𝐼̇𝑁𝑓𝑎)) ⋅𝑅𝑓𝑎+((𝐼̇𝑀𝑓𝑏+𝐼̇𝑁𝑓𝑏)2/(𝐼̇𝑀𝑓𝑏 ⋅ 𝐼̇𝑁𝑓𝑏)) ⋅𝑅𝑓𝑏|.

In the aforementioned formulas, 𝐼̇𝑀𝑓𝑎, 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑀𝑓𝑏, and
𝐼̇𝑁𝑓𝑏 are the internal fault currents of A-phase and B-phase
at 𝑀 side and 𝑁 side, respectively; 𝑅𝑓𝑎, 𝑅𝑓𝑏 are the fault
resistances of A-phase and B-phase, respectively.

2.2.3. Three-Phase to Ground Internal FTFR. As can be seen
from Figure 2(c), the three-phase to ground internal FTFR
can be analyzed by the 0-frame component of the measured
currents when the fault resistance values or the fault positions
of A-phase, B-phase, and C-phase are different. And then
𝐼̇𝑀𝑎 = 𝐼̇𝑀𝑓𝑎, 𝐼̇𝑁𝑎 = 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑀𝑏 = 𝐼̇𝑀𝑓𝑏, 𝐼̇𝑁𝑏 = 𝐼̇𝑁𝑓𝑏, 𝐼̇𝑀𝑐 =
𝐼̇𝑀𝑓𝑐, and 𝐼̇𝑁𝑐 = 𝐼̇𝑁𝑓𝑐. Therefore, the 0-frame components of
the measured currents at𝑀 side and𝑁 side are

𝐼̇𝑀0 = 1
3 (𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑀𝑓𝑏 + 𝐼̇𝑀𝑓𝑐) ,

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑓𝑏 + 𝐼̇𝑁𝑓𝑐) .

(7)

The fault currents are shown as 𝐼̇𝑀𝑎 = 𝐼𝑀𝑓∠𝜑1, 𝐼̇𝑀𝑏 =
𝐼𝑀𝑓∠𝜑1 − 120∘, 𝐼̇𝑀𝑐 = 𝐼𝑀𝑓∠𝜑1 + 120∘, 𝐼̇𝑁𝑎 = 𝐼𝑁𝑓∠𝜑2, 𝐼̇𝑁𝑏 =
𝐼𝑁𝑓∠𝜑2 − 120∘, and 𝐼̇𝑁𝑐 = 𝐼𝑁𝑓∠𝜑2 + 120∘ when the fault
resistance value and the fault position of A-phase, B-phase,
and C-phase are same, where 𝐼𝑀𝑓 and 𝐼𝑁𝑓 are the magnitudes
of the fault currents at 𝑀 side and 𝑁 side, respectively; 𝜑1
and 𝜑2 are the phase of fault currents at 𝑀 side and 𝑁
side, respectively. Therefore, the 0-frame components of the
measured currents at𝑀 side and𝑁 side become zero.

In this situation, the 𝑑-frame components of the mea-
sured currents are considered to identify the above fault, and
the fault currents at both sides can be expressed as 𝑖𝑀𝑎 =
𝐼𝑀𝑓 cos(𝜔𝑡 + 𝜑1), 𝑖𝑀𝑏 = 𝐼𝑀𝑓 cos(𝜔𝑡 + 𝜑1 − 120∘), 𝑖𝑀𝑐 =
𝐼𝑀𝑓 cos(𝜔𝑡 + 𝜑1 + 120∘), 𝑖𝑁𝑎 = 𝐼𝑁𝑓 cos(𝜔𝑡 + 𝜑2), 𝑖𝑁𝑏 =
𝐼𝑁𝑓 cos(𝜔𝑡+𝜑2−120∘) , and 𝑖𝑁𝑐 = 𝐼𝑁𝑓 cos(𝜔𝑡+𝜑2+120∘)when
the frequency is definite. Therefore, the 𝑑-frame components

of the measured currents at 𝑀 side and 𝑁 side are given as
follows [18]:

𝑖𝑀𝑑 = 𝐼𝑀𝑓 cos (𝜃0 − 𝜑1) ,
𝑖𝑁𝑑 = 𝐼𝑁𝑓 cos (𝜃0 − 𝜑2) ,

(8)

where |𝑍𝑓| can be calculated by using (3) as

󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨 =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
(𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑁𝑓𝑎)2
𝐼̇𝑀𝑓𝑎 ⋅ 𝐼̇𝑁𝑓𝑎 ⋅ 𝑅𝑓𝑎 +

(𝐼̇𝑀𝑓𝑏 + 𝐼̇𝑁𝑓𝑏)2
𝐼̇𝑀𝑓𝑏 ⋅ 𝐼̇𝑁𝑓𝑏 ⋅ 𝑅𝑓𝑏

+ (𝐼̇𝑀𝑓𝑐 + 𝐼̇𝑁𝑓𝑐)2
𝐼̇𝑀𝑓𝑐 ⋅ 𝐼̇𝑁𝑓𝑐 ⋅ 𝑅𝑓𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
.

(9)

In the aforementioned formulas, 𝐼̇𝑀𝑓𝑎, 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑀𝑓𝑏, 𝐼̇𝑁𝑓𝑏,
𝐼̇𝑀𝑓𝑐, and 𝐼̇𝑁𝑓𝑐 are the internal fault currents of A-phase, B-
phase, and C-phase at 𝑀 side and 𝑁 side, respectively; 𝑅𝑓𝑎,𝑅𝑓𝑏, and𝑅𝑓𝑐 are the fault resistances of A-phase, B-phase, and
C-phase, respectively.

2.2.4. Phase-Phase to Ground Internal FTFR. As can be seen
fromFigure 2(d), themeasured currents at𝑀 side and𝑁 side
are 𝐼̇𝑀𝑎 = 𝐼̇𝑀𝑓𝑎𝑏, 𝐼̇𝑀𝑏 = −𝐼̇𝑀𝑓𝑎𝑏, 𝐼̇𝑁𝑎 = 𝐼̇𝑁𝑓𝑎𝑏, 𝐼̇𝑁𝑏 = −𝐼̇𝑁𝑓𝑎𝑏,
and 𝐼̇𝑀𝑐 = −𝐼̇𝑁𝑐 when the internal phase to phase FTFR (A-
phase to B-phase, e.g.) takes place. Therefore, the 0-frame
components of the measured currents at𝑀 side and 𝑁 side
are

𝐼̇𝑀0 = 1
3 (𝐼̇𝑀𝑓𝑎𝑏 − 𝐼̇𝑀𝑓𝑎𝑏 + 𝐼̇𝑀𝑐) =

1
3 𝐼̇𝑀𝑐,

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎𝑏 − 𝐼̇𝑁𝑓𝑎𝑏 + 𝐼̇𝑁𝑐) =

1
3 𝐼̇𝑁𝑐,

(10)

where |𝑍𝑓| can be calculated by using (3) as |𝑍𝑓| = |((𝐼̇𝑀𝑓𝑎𝑏 +
𝐼̇𝑁𝑓𝑎𝑏)2/(𝐼̇𝑀𝑓𝑎𝑏 ⋅ 𝐼̇𝑁𝑓𝑎𝑏)) ⋅ 𝑅𝑓𝑎𝑏|.

In the aforementioned formulas, 𝐼̇𝑀𝑓𝑎𝑏, 𝐼̇𝑁𝑓𝑎𝑏 are the
internal fault currents between A-phase and B-phase at 𝑀
side and 𝑁 side, respectively; 𝑅𝑓𝑎𝑏 is the fault resistance
between A-phase and B-phase.

2.2.5. External Faults and Normal Operation. During exter-
nal faults and normal operation, |𝑍𝑓| can be calculated by
using (3) and |𝑍𝑓| = 0.

According to (2), (3), and (8), the active power of 0-
frame component or the 𝑑-component consumed by the fault
resistance can be expressed as

𝑃𝑅𝑓0 = 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑀0
󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0

󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝑍𝑓

󵄨󵄨󵄨󵄨󵄨 , (11)

𝑃𝑅𝑓𝑑 = 󵄨󵄨󵄨󵄨𝑖𝑀𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨𝑖𝑁𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨 , (12)

where the 0-frame components of measured currents in (11)
are used modulus values and the 𝑑-frame components of
measured currents in (12) are used absolute values.

As the above analysis, 𝑃𝑅𝑓0 > 0 or 𝑃𝑅𝑓𝑑 > 0 in all types of
internal FTFR, while 𝑃𝑅𝑓0 = 0 and 𝑃𝑅𝑓𝑑 = 0 in external faults
and normal operation. Therefore, the internal FTFR can be
identified and isolated by the proposed protection scheme.
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3. Self-Adaptive Threshold Setting and
Protection Sensitivity Analysis

In general, external faults are considered to set the protection
threshold. During external faults, 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 can be
calculated by using (11) and (12) as zero in theory; however,
in fact the calculations of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 are greater than zero
due to the errors of the current transformers and so forth.
Therefore, thresholds𝑃𝑅𝑓0set and𝑃𝑅𝑓𝑑set are necessary to avoid
maloperation during external faults and to ensure the high
sensitivity during internal FTFR (the sensitivity coefficients
should be𝐾sen = 𝑃𝑅𝑓0/𝑃𝑅𝑓0set ≥ 1.2 and𝐾sen = 𝑃𝑅𝑓𝑑/𝑃𝑅𝑓𝑑set ≥1.2), and the practical protection criteria can be expressed as

𝑃𝑅𝑓0 > 𝑃𝑅𝑓0set, (13)

𝑃𝑅𝑓𝑑 > 𝑃𝑅𝑓𝑑set. (14)

In external faults cases, 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 are different due
to different fault types, fault resistance values, fault positions,
and the operation modes of microgrid. All types of external
faults cannot be maloperation when setting the maximum
value of 𝑃𝑅𝑓0 and the maximum value of 𝑃𝑅𝑓𝑑 as thresholds,
respectively. However, this can reduce the sensitivity of the
protection, which may refuse protection action in several
cases when the internal FTFR takes place.

Self-adaptive threshold setting is introduced in this paper
to solve the problem that the reliability and the high sensi-
tivity of the protection cannot be satisfied at the same time.
Typically, the measured error of current transformers is 10%
in engineering. Assuming external faults occurred near 𝑁
side, then (the derivative process is described in Appendix B)

𝑃𝑅𝑓0 = 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑀0
󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0

󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝑍𝑓

󵄨󵄨󵄨󵄨󵄨
= 0.11 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0

󵄨󵄨󵄨󵄨󵄨
2 ⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 ,
(15)

𝑃𝑅𝑓𝑑 = 󵄨󵄨󵄨󵄨𝑖𝑀𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨𝑖𝑁𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨

= 0.11 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓
󵄨󵄨󵄨󵄨󵄨
2 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨

⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 ,
(16)

where 𝐼̇𝑁0 is the 0-frame component of measured current,
𝐼𝑁𝑓 is the magnitude of the 𝑑-frame component of measured
current, 𝐼̇𝑁𝑎/𝑁𝑏/𝑁𝑐 are the measured currents of A-phase, B-
phase, andC-phase, and 𝑈̇𝑁𝑎/𝑁𝑏/𝑁𝑐 are themeasured voltages
of A-phase, B-phase, and C-phase at 𝑁 side when external
faults occur, respectively. Different types of the external faults
occurring at𝑁 side are analyzed as follows:

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑏 + 𝐼̇𝑁𝑐) ,

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 =
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑓𝑎
𝐼̇𝑁𝑓𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
,

(17)

when single-phase to ground (A-phase to ground, e.g.)
external fault at𝑁 side takes place:

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑓𝑏 + 𝐼̇𝑁𝑐) ,

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 =
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑓𝑎
𝐼̇𝑁𝑓𝑎 +

𝑈̇𝑁𝑓𝑏
𝐼̇𝑁𝑓𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
,

(18)

when double-phase to ground (A-phase to ground and B-
phase to ground, e.g.) external fault at𝑁 side takes place:

𝐼̇𝑁0 = 1
3 (𝐼̇𝑁𝑓𝑎 + 𝐼̇𝑁𝑓𝑏 + 𝐼̇𝑁𝑓𝑐) ,

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 =
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑓𝑎
𝐼̇𝑁𝑓𝑎 +

𝑈̇𝑁𝑓𝑏
𝐼̇𝑁𝑓𝑏 +

𝑈̇𝑁𝑓𝑐
𝐼̇𝑁𝑓𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
(19)

in (15) and (16); and

𝐼̇𝑁0 = 1
3 𝐼̇𝑁𝑐,

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 =
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑓𝑎𝑏
𝐼̇𝑁𝑓𝑎𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
,

(20)

when phase to phase (A-phase to B-phase, e.g.) external fault
at𝑁 side takes place.

In the aforementioned formulas, 𝐼̇𝑁𝑓𝑎, 𝐼̇𝑁𝑓𝑏, 𝐼̇𝑁𝑓𝑐, 𝑈̇𝑁𝑓𝑎,
𝑈̇𝑁𝑓𝑏, and 𝑈̇𝑁𝑓𝑐 are the fault currents and fault voltages of A-
phase, B-phase, and C-phase measured at𝑁 side when phase
to ground external faults take place, respectively; 𝐼̇𝑁𝑓𝑎𝑏 and
𝑈̇𝑁𝑓𝑎𝑏 are the fault currents and fault voltages between A-
phase and B-phase measured at𝑁 side when phase to phase
external fault takes place, respectively.

Therefore, self-adaptive thresholds can be expressed as
follows with reliability coefficient 𝐾𝑟 and other errors’ coef-
ficient 𝐾𝛼:

𝑃𝑅𝑓0set = 0.11𝐾𝑟𝐾𝛼 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0
󵄨󵄨󵄨󵄨󵄨
2 ⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 , (21)

𝑃𝑅𝑓𝑑set = 0.11𝐾𝑟𝐾𝛼 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓
󵄨󵄨󵄨󵄨󵄨
2 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨

⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 ,
(22)

where 𝐾𝑟 = 1.2∼1.3, 𝐾𝛼 = 1.1∼1.5 in general, 𝐼̇𝑁0 is the
0-frame component of the current, 𝐼𝑁𝑓 is the magnitude
of the 𝑑-frame component of the current, and |𝑈̇𝑁𝑎/𝐼̇𝑁𝑎 +𝑈̇𝑁𝑏/𝐼̇𝑁𝑏 + 𝑈̇𝑁𝑐/𝐼̇𝑁𝑐| is the ratio value of three-phase voltages
and three-phase currents measured at𝑁 side during internal
FTFR cases or external faults cases. And the thresholds can
be obtained when the fault occurs at 𝑀 side by a similar
procedure.

Remark 2. The thresholds in the proposed protection are
the variables, not the fixed values. Different fault types, fault
resistance values, and fault positions are as unknown factors
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can affect 𝐼̇𝑀0, 𝐼̇𝑁0, 𝑖𝑀𝑑, 𝑖𝑁𝑑, |𝑍𝑓|, and |𝑈̇𝑁𝑎/𝐼̇𝑁𝑎 + 𝑈̇𝑁𝑏/𝐼̇𝑁𝑏 +
𝑈̇𝑁𝑐/𝐼̇𝑁𝑐| in (11), (12), (21), and (22), and then they can
affect 𝑃𝑅𝑓0, 𝑃𝑅𝑓𝑑, 𝑃𝑅𝑓0set, and 𝑃𝑅𝑓𝑑set. Furthermore, the change
of 𝑃𝑅𝑓0 is corresponding to 𝑃𝑅𝑓0set, and also the change of
𝑃𝑅𝑓𝑑 is corresponding to 𝑃𝑅𝑓𝑑set. Therefore, the self-adaptive
threshold can satisfy the reliability and high sensitivity at the
same time.

The values of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 in grid-connected mode
are larger than those in islanded mode since the microgrid
connects to the main grid and the additional power can be
received from it, and this represents a big challenge from the
threshold setting of the traditional protection. However, the
problem can be solved by the self-adaptive threshold that is
proposed in this paper.

The logic diagram of the proposed protection scheme is
shown in Figure 3. Firstly, (13) is used to identify the internal
FTFR. If the output is 1, then the protection action is done
when the criteria are satisfied. Otherwise the output is 0, and
then (14) is used to identify the internal FTFR; if the output is
1, then the protection action is done when criteria of (14) are
satisfied, otherwise the output is 0 and the protection action
is not done.

Remark 3. Formula (3) in the paper is the general form of
|𝑍𝑓| in the three-phase operation. In the islanded mode,

the microgrid may be in the open phase operation (single-
phase operation or two-phase operation). However (3) is still
suitable; the only difference is that some terms of formula
(3) cannot be measured. Then, according to (11) and (12), the
active power of 0-frame component and the 𝑑-component
consumed by the fault resistance (𝑃𝑅𝑓0 and𝑃𝑅𝑓𝑑) are obtained.
Similar analysis process for different fault types is omitted for
the open phase operation. It can be summarized that 𝑃𝑅𝑓0 is
used for single-phase to ground internal FTFR and double-
phase to ground internal FTFR in two-phase operation, and
𝑃𝑅𝑓𝑑 is used for phase-phase to ground internal FTFR in two-
phase operation, and 𝑃𝑅𝑓0 is used for single-phase to ground
internal FTFR in single-phase operation. In conclusion,
𝑃𝑅𝑓0 > 0 or 𝑃𝑅𝑓𝑑 > 0 in all types of internal FTFR, while 𝑃𝑅𝑓0= 0 and 𝑃𝑅𝑓𝑑 = 0 in external faults and normal operation.
Therefore, the internal FTFR can be identified and isolated
by the proposed protection scheme. Therefore, it can be seen
that the logical relationship of protection actions in Figure 3
is also suitable.

Remark 4. The changes of 𝜃0 − 𝜑1 and 𝜃0 − 𝜑2 can change
the values of 𝑖𝑀𝑑 and 𝑖𝑁𝑑 in (8), respectively, and then change
the values of 𝑃𝑅𝑓𝑑 in (12) and the values of 𝑃𝑅𝑓𝑑set in (22),
respectively. However, we can get 𝑃𝑅𝑓𝑑/𝑃𝑅𝑓𝑑set = 1/(𝐾𝑟𝐾𝛼)
according to (16) and (22) when external faults take place:

𝑃𝑅𝑓𝑑
𝑃𝑅𝑓𝑑set

=
󵄨󵄨󵄨󵄨󵄨𝐼𝑀𝑓

󵄨󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝑍𝑓

󵄨󵄨󵄨󵄨󵄨
0.11𝐾𝑟𝐾𝛼 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨
2 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨󵄨𝑈̇𝑁𝑎/𝐼̇𝑁𝑎 + 𝑈̇𝑁𝑏/𝐼̇𝑁𝑏 + 𝑈̇𝑁𝑐/𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨

=
󵄨󵄨󵄨󵄨󵄨𝐼𝑀𝑓

󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝑍𝑓

󵄨󵄨󵄨󵄨󵄨
0.11𝐾𝑟𝐾𝛼 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨𝑈̇𝑁𝑎/𝐼̇𝑁𝑎 + 𝑈̇𝑁𝑏/𝐼̇𝑁𝑏 + 𝑈̇𝑁𝑐/𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨
.

(23)

According to (12) and (22) when the internal FTFR takes
place, the above ratio includes neither 𝜃0 − 𝜑1 nor 𝜃0 − 𝜑2;
therefore, the changes of 𝜃0 − 𝜑1 and 𝜃0 − 𝜑2 do not influence
the proposed protection scheme.

4. Discussion

4.1. Application Scope of the Proposed Protection Scheme. The
existing protection schemes perform well for the solid faults
in microgrid, and the performance for FTFR is poor. The
protection scheme proposed in this paper is applied after the
failure of the existing protection schemes suitable for solid
faults, as backup protection to ensure the accurate removal of
all fault lines in microgrid.

4.2. Influence of Two Kinds of Operation Modes on the
Protection Scheme. Since microgrid can operate in grid-
connectedmode and islandedmode, it is necessary to protect
it in both modes of operation. This paper proposes the self-
adaptive threshold setting to solve the problem that values of
𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 are different between the grid-connectedmode

and the islanded mode. Therefore, the proposed protection
scheme can perform well in both modes of operation.

4.3. Influence of Error. Due to the error of current transform-
ers, the values of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 undergo a little change in fact
when internal FTFR takes place.However, the influence of the
change can be ignored for the proposed protection scheme.

5. Simulation and Results

The test system is built using PSCAD/EMTDC in this
paper. The structure of the microgrid system is shown in
Figure 1. Parameters for each component are listed in Table 1.
Grid-connected mode and islanded mode are the unique
characteristics of themicrogrid, and themicrogrid protection
is required to perform well in both modes. Therefore, simu-
lations are conducted in grid-connected mode and islanded
mode to verify the proposed protection scheme, respectively.

5.1. Simulations in Grid-Connected Mode. The voltage and
frequency of microgrid are maintained by the main system
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Figure 3: Logic diagram of the proposed protection scheme.

Table 1: System parameters of AC microgrid.

(a)

Component Data Parameters
𝑅 𝐿 𝐶

Cable (𝐿1) 3 km 0.64Ω/km 0.34mH/km 0.1 uF/km
Cable (𝐿2, 𝐿3) 1 km 0.64Ω/km 0.34mH/km 0.1 uF/km
Cable (𝐿4, 𝐿5, 𝐿6) 2 km 0.64Ω/km 0.34mH/km 0.1 uF/km

(b)

Component Data
PV 1 1MVA (𝜆 = 1)
PV 2 1MVA (𝜆 = 1)
WT1 1MVA (𝜆 = 0.9)
WT2 0.8MVA (𝜆 = 0.9)
ESS 2.5MVA (𝜆 = 1)
Load 1, load 2, load 4 1MVA (𝜆 = 0.92)
Load 3 0.5MVA (𝜆 = 0.92)
𝑈𝑁 10 kV
Main transformer 20MVA 10 kV/35 kV

when it operates in grid-connected mode. PVs and WTs are
taken inMPPT controlmethod, and the output power of each
is 0.6MW, 0.8MW, 0.75MW, and 0.5MW, the odd power is
supplied by main system, and ESS is in charging state.

Assuming the faults located in the middle of the 𝑀𝑁
line, the fault occurs at 0.1 s, and duration of fault is 0.3 s.
Single-phase to ground FTFR (A-G), phase to phase FTFR
(A-B), and double-phase to ground FTFR (fault resistance
value of each phase is the same, A-G and B-G) are taken as
the examples to analysis, and the corresponding simulation
waveforms are shown in Figures 4(a)–4(c).

Figures 4(a)–4(c) show the values of 𝑃𝑅𝑓0 vary with the
fault resistance values and the type of faults, and they are all
larger than zero. Therefore, internal FTFR can be identified

by comparing the values of 𝑃𝑅𝑓0. As shown in Figure 4(b), the
value of𝑃𝑅𝑓0 increases with the increase of the fault resistance
because 𝑃𝑅𝑓0 of phase to phase FTFR is decided by the fault
resistance.

For external faults, phase to phase external FTFR (fault
resistance is 1Ω) occurring near𝑁 side is taken as an example
to analysis, and corresponding simulationwaveform is shown
in Figure 4(d). The fault occurs at 0.1 s, and the value of 𝑃𝑅𝑓0
is almost zero after short time fluctuation. Even considering
the influence of the error, the value of𝑃𝑅𝑓0 is greater than zero.
However, because its value is very small, the protection action
can perform well by using the self-adaptive threshold.

Table 2 shows active power values and the protection
threshold setting values of various types of FTFR in different
fault positions of line 𝑀𝑁 when the microgrid operates in
grid-connected mode. Fault position = the distance from𝑀
side to fault point/the full length of line 𝑀𝑁, assuming the
fault position of each phase is the same when double-phase
fault and three-phase fault take place.

The results in Table 2 show that the values of 𝑃𝑅𝑓0, 𝑃𝑅𝑓0set
and 𝑃𝑅𝑓𝑑, 𝑃𝑅𝑓𝑑set of all FTFR types can change with the
fault positions, and all are larger than zero in different fault
positions. The simulation results are in accordance with the
analysis of Section 2.2.

A sensitivity study has been conducted. Figure 5 shows
the relationship between𝑃𝑅𝑓0 and𝑃𝑅𝑓0set when phase to phase
internal FTFR takes place. The reliability coefficient 𝐾𝑟 is set
to 1.3, and the coefficient of the other factors 𝐾𝛼 is set to
1.2. In Figure 5, 𝑃𝑅𝑓0set presents a good adaptive performance
with the change of the fault positions and the values of
fault resistance. And also 𝑃𝑅𝑓0set can change to ensure the
high sensitivity of the protection when other types of the
internal FTFR take place. Therefore, the protection scheme
proposed in this paper can avoid maloperation caused by
the external faults and ensure the high sensitivity when the
internal FTFR takes place at the same time by using the self-
adaptive threshold setting.
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Figure 4: Simulation results of various faults in grid-connected mode. (a) Single-phase internal FTFR. (b) Phase-phase internal FTFR. (c)
Double-phase internal FTFR. (d) Phase-phase external FTFR.

Table 2: Active power values and the protection threshold setting values of various types of FTFR in different internal fault positions under
grid-connected mode.

Grid-connected mode Types of fault Fault position (MW)
𝑀 side 25% 50% 75% 𝑁 side

𝑃𝑅𝑓0 (𝑃𝑅𝑓0set)
ABG (5Ω, 5Ω) 7.52 (0.91) 2.02 (0.80) 0.97 (0.67) 1.83 (0.65) 7.36 (0.60)
ABG (5Ω, 6Ω) 6.80 (1.03) 1.28 (0.59) 0.27 (0.15) 1.14 (0.14) 6.22 (0.12)

AB (5Ω) 1.06 (0.22) 0.89 (0.20) 0.51 (0.17) 0.86 (0.14) 1.05 (0.13)
AG (5Ω) 4.00 (0.75) 0.78 (0.17) 0.28 (0.12) 0.70 (0.11) 3.86 (0.11)

ABCG (4Ω, 5Ω, 6Ω) 6.34 (1.08) 1.67 (0.42) 0.23 (0.11) 1.45 (0.11) 5.93 (0.10)
𝑃𝑅𝑓𝑑 (𝑃𝑅𝑓𝑑set) ABCG (5Ω, 5Ω, 5Ω) 17.1 (2.84) 6.12 (1.51) 2.05 (1.0) 5.78 (0.09) 16.3 (0.09)

5.2. Simulations in IslandedMode. Thevoltage and frequency
of microgrid are maintained by ESS when it operates in
islandedmode. PVs andWTs are also taken inMPPT control
method, and the output power of each is 0.7MW, 0.9MW,
0.5MW, and 0.6MW, and the odd power is supplied by ESS.
Assuming the faults located in themiddle of the𝑀𝑁 line, the
fault occurs at 0.1 s, and duration of fault is 0.3 s.

The value of 𝑃𝑅𝑓0 is zero when three-phase to ground
internal FTFR takes place with the same fault position and
the fault resistance value. Therefore, 𝑃𝑅𝑓𝑑 is used to identify
the fault in this situation, as shown in Figure 6(a). The values
of 𝑃𝑅𝑓𝑑 with different fault resistances are all larger than zero;
therefore, the proposed protection can identify and isolate
this fault by using 𝑃𝑅𝑓𝑑.
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Figure 6: Various faults in islanded mode. (a) Three-phase internal FTFR (fault position and fault resistance value of each phase are the
same). (b) Three-phase external solid fault (fault position of each phase is the same).

The values of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 are lower in islanded mode
because the overcurrent capability of the electronic devices
is usually limited to about 2.0 p.u. However, the sensitivity of
the proposed protection can be ensured by the self-adaptive
threshold setting.

Figure 6(b) shows 𝑃𝑅𝑓𝑑 of the three-phase solid external
fault (the fault position of each phase is the same) that
takes place near 𝑁 side. The value of 𝑃𝑅𝑓𝑑 is almost zero in
steady state, and thus the external fault is recognized. And
the proposed protection still performs effectively by taking a
suitable threshold, even in the conditions of the errors.

Table 3 shows the active power values and the protection
threshold setting values of various types of FTFR in different
internal fault positions when AC microgrid operates in
islanded mode. As shown, the whole characteristics of 𝑃𝑅𝑓0
and 𝑃𝑅𝑓𝑑 in islanded mode are the same as those in grid-
connected mode; nevertheless, the values of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑
are relatively small. The threshold can also change with

the operation mode of AC microgrid to ensure isolation of
internal FTFR correctly and rapidly.

The above simulation results show that the proposed
protection scheme is able to identify internal FTFR correctly
in both grid-connected mode and islanded mode, and it also
can isolate the internal faults with high reliability and high
sensitivity.

6. Conclusions

By using the fault characteristics of the fault resistance in
the AC microgrid, this paper proposes a novel protection
scheme based on the active power of 0-frame component
or 𝑑-frame component consumed by fault resistance as the
backup protection of FTFR of the lines. It is able to identify
and isolate various types of FTFR correctly and rapidly in
both operation modes of AC microgrid. Theoretical analysis
and simulation results show that the proposed protection
scheme has the following characteristics:
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Table 3: Active power values and the protection threshold setting values of various types of FTFR in different internal fault positions under
islanded mode.

Islanded mode Types of fault Fault position (MW)
𝑀 side 25% 50% 75% 𝑁 side

𝑃𝑅𝑓0 (𝑃𝑅𝑓0set)
ABG (5Ω, 5Ω) 1.05 (0.13) 0.26 (0.10) 0.12 (0.08) 0.22 (0.08) 0.97 (0.07)
ABG (5Ω, 6Ω) 0.93 (0.10) 0.17 (0.08) 0.04 (0.02) 0.16 (0.018) 0.89 (0.016)

AB (5Ω) 0.30 (0.07) 0.16 (0.04) 0.11 (0.03) 0.14 (0.03) 0.26 (0.02)
AG (5Ω) 0.51 (0.10) 0.10 (0.03) 0.04 (0.02) 0.09 (0.019) 0.50 (0.018)

ABCG (4Ω, 5Ω, 6Ω) 0.91 (0.15) 0.30 (0.08) 0.03 (0.014) 0.26 (0.014) 0.83 (0.013)
𝑃𝑅𝑓𝑑 (𝑃𝑅𝑓𝑑set) ABCG (5Ω, 5Ω, 5Ω) 0.97 (0.16) 0.36 (0.09) 0.13 (0.058) 0.32 (0.055) 0.96 (0.05)

(1) It can identify and isolate the internal FTFR validly
without using the phase selection device.

(2) It was almost not affected by the operation modes of
AC microgrid.

(3) It only needs the measured impedances and the 0-
frame component or 𝑑-frame component of the mea-
sured currents; thus, the data from both sides need
not be compared in time. Therefore, the requirement
for data synchronization is reduced in this proposed
protection scheme.

Appendix

A. The Value of |𝑍𝑓| When Different Types of
Internal FTFR Occur

This paper defines the current flow from bus to line as the
positive direction, assuming the lines current flow from 𝑀
side to𝑁 side is in normal operation:

󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨 = 󵄨󵄨󵄨󵄨𝑍𝑀𝑎 + 𝑍𝑀𝑏 + 𝑍𝑀𝑐 + 𝑍𝑁𝑎 + 𝑍𝑁𝑏 + 𝑍𝑁𝑐
− 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐󵄨󵄨󵄨󵄨 =

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑀𝑎
𝐼̇𝑀𝑎 +

𝑈̇𝑀𝑏
𝐼̇𝑀𝑏 +

𝑈̇𝑀𝑐
𝐼̇𝑀𝑐 +

𝑈̇𝑁𝑎
𝐼̇𝑁𝑎

+ 𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐 − 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨

=
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝐼̇𝑀𝑓𝑎 ⋅ 𝑍𝑀𝑙𝑎 + (𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑁𝑓𝑎) ⋅ 𝑅𝑓𝑎

𝐼̇𝑀𝑓𝑎

+ 𝐼̇𝑀𝑏 ⋅ 𝑍𝑙𝑏 + 𝑈̇𝑁𝑏
𝐼̇𝑀𝑏 + 𝐼̇𝑀𝑐 ⋅ 𝑍𝑙𝑐 + 𝑈̇𝑁𝑐

𝐼̇𝑀𝑐

+ 𝐼̇𝑁𝑓𝑎 ⋅ 𝑍𝑁𝑙𝑎 + (𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑁𝑓𝑎) ⋅ 𝑅𝑓𝑎
𝐼̇𝑁𝑓𝑎 − 𝑈̇𝑁𝑏

𝐼̇𝑀𝑏

− 𝑈̇𝑁𝑐
𝐼̇𝑀𝑐 − 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
=
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
(𝐼̇𝑀𝑓𝑎 + 𝐼̇𝑁𝑓𝑎)2
𝐼̇𝑀𝑓𝑎 ⋅ 𝐼̇𝑁𝑓𝑎

⋅ 𝑅𝑓𝑎
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
.

(A.1)

Assuming the lines current flow from 𝑁 side to 𝑀 side
has the same conclusion, also, the corresponding conclusion
can be achieved by the similar procedure when other types of
internal FTFR take place.

B. The Values of 𝑃𝑅𝑓0 and 𝑃𝑅𝑓𝑑 When External
Faults Occur

Assuming the current transformers at 𝑁 side have the error
of 10%, thus, 𝐼̇𝑁𝑎 = −0.9𝐼̇𝑀𝑎, 𝐼̇𝑁𝑏 = −0.9𝐼̇𝑀𝑏, 𝐼̇𝑁𝑐 = −0.9𝐼̇𝑀𝑐,
and, then, 𝐼̇𝑁0 = −0.9𝐼̇𝑀0 and 𝐼𝑁𝑓 = 0.9𝐼𝑀𝑓. Therefore

𝑃𝑅𝑓0 = 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑀0
󵄨󵄨󵄨󵄨󵄨 ⋅
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󵄨󵄨󵄨󵄨󵄨𝑍𝑓
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𝐼̇𝑀𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑀𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 = 1.1

⋅ 󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0
󵄨󵄨󵄨󵄨󵄨
2 ⋅ 110

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 = 0.11
󵄨󵄨󵄨󵄨󵄨𝐼̇𝑁0

󵄨󵄨󵄨󵄨󵄨
2

⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 ,

𝑃𝑅𝑓𝑑 = 󵄨󵄨󵄨󵄨𝑖𝑀𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨𝑖𝑁𝑑󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨󵄨𝑍𝑓
󵄨󵄨󵄨󵄨󵄨 = 1.1

󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓
󵄨󵄨󵄨󵄨󵄨
2

⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑀𝑎
𝐼̇𝑀𝑎 +

𝑈̇𝑀𝑏
𝐼̇𝑀𝑏

+ 𝑈̇𝑀𝑐
𝐼̇𝑀𝑐 +

𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐 − 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
= 1.1 ⋅ 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨
2 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨
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⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑀𝑎
𝐼̇𝑀𝑎 +

𝑈̇𝑀𝑏
𝐼̇𝑀𝑏 +

𝑈̇𝑀𝑐
𝐼̇𝑀𝑐 −

10𝑈̇𝑁𝑎
9𝐼̇𝑀𝑎 − 10𝑈̇𝑁𝑏

9𝐼̇𝑀𝑏
− 10𝑈̇𝑁𝑐

9𝐼̇𝑀𝑐 − 𝑍𝑙𝑎 − 𝑍𝑙𝑏 − 𝑍𝑙𝑐
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 = 1.1 ⋅

󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓
󵄨󵄨󵄨󵄨󵄨
2

⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅ 19
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑀𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑀𝑏

+ 𝑈̇𝑁𝑐
𝐼̇𝑀𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 = 1.1 ⋅
󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨
2 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨

⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨 ⋅ 110
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
= 0.11 󵄨󵄨󵄨󵄨󵄨𝐼𝑁𝑓

󵄨󵄨󵄨󵄨󵄨
2 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑1)󵄨󵄨󵄨󵄨 ⋅ 󵄨󵄨󵄨󵄨cos (𝜃0 − 𝜑2)󵄨󵄨󵄨󵄨

⋅
󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨
𝑈̇𝑁𝑎
𝐼̇𝑁𝑎 +

𝑈̇𝑁𝑏
𝐼̇𝑁𝑏 +

𝑈̇𝑁𝑐
𝐼̇𝑁𝑐

󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨󵄨 .
(B.1)

The corresponding conclusion can be achieved by the
similar procedure when external faults take place near 𝑀
side.
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