JOURNAL OF MODERN POWER SYSTEMS AND CLEAN ENERGY, VOL. 10, NO. 2, March 2022

459

Differential Power Based Selective Phase
Tripping for Fault-resilient Microgrid

Bhatraj Anudeep and Paresh Kumar Nayak

Abstract—Modern fault-resilient microgrids (MGs) require
the operation of healthy phases during unbalanced short-cir-
cuits to improve the system reliability. This study proposes a
differential power based selective phase tripping scheme for
MGs consisting of synchronous and inverter-interfaced distrib-
uted generators (DGs). First, the differential power is computed
using the line-end superimposed voltage and current signals.
Subsequently, to make the scheme threshold-free, a power coef-
ficient index is derived and used for identifying faulted phases
in an MG. The protection scheme is tested on a standard MG
operating in either grid-connected or islanding mode, which is
simulated using PSCAD/EMTDC. The efficacy of the scheme is
also assessed on the OPAL-RT manufactured real-time digital
simulation (RTDS) platform. Further, the performance of the
proposed protection scheme is compared with a few existing
methods. The results show that the selective tripping of faulted
phases in MGs can be achieved quickly and securely using the
proposed scheme.

Index Terms—Distributed generator, differential power, fault
detection, microgrid protection, selective phase tripping.

[. INTRODUCTION

HE generation of electric power in low- and medium-

voltage distribution systems using wind and photovolta-
ic distributed generators (PVDGs) continues to increase pro-
gressively worldwide [1], [2]. However, owing to the inter-
mittent nature of these distributed generators (DGs), it is dif-
ficult to manage their direct connection into the distribution
network, especially when the penetration level of DGs is
high. Microgrids (MGs), which are low-voltage grids, have
gained popularity for integrating DGs into distribution sys-
tems. The MGs have the flexibility of operating in either
grid-connected or islanding mode. The advantages of MGs
over traditional distribution networks include the uninterrupt-
ed power supply to consumers, as well as improved reliabili-
ty and power quality [3]. However, the operation modes of
MGs consisting of inverter-interfaced DGs not only alter the
fault current level but also change the unidirectional power
flow of the traditional radial distribution systems into bidirec-
tional power flow [4], [S]. Consequently, it is difficult to de-
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tect and isolate faults correctly in MGs using traditional
overcurrent relay based protection approaches for radial dis-
tribution networks [6].

To overcome the limitations of traditional overcurrent re-
lays, several advanced relaying schemes based on adaptive
principles [7] - [9] and communication-assisted techniques
[10], [11] have been proposed for the fast and reliable detec-
tion and isolation of faults in MGs. However, these protec-
tion schemes are not suitable for the selective phase tripping
of unbalanced short-circuits in MGs. In modern fault-resil-
ient MGs, selective phase tripping is essential for unbal-
anced short-circuits to enhance the system reliability [12]-
[15]. Selective phase tripping requires the correct identifica-
tion of the fault type and phase [16].

In recent years, efforts have been devoted to the fast and
correct identification of fault type or phase in modern fault-
resilient MGs through single- and double-pole trippings. In
[17], the cross-alienation coefficients, based on the faulted
phase identification (FPI) algorithm, are proposed for MGs
using the line-end synchronized current signals. In [18], a
complete protection solution is proposed for low-voltage al-
ternating current (AC) MGs using the spectral energy of the
differential current component derived through the sparse
Fourier kernel fast time-frequency transform. In [19], a com-
munication-assisted relay algorithm is proposed to detect and
classify faults in isolated MGs consisting of inverter-based
DGs. In this scheme, the fault classification is performed
based on multiple features calculated from the line-end cur-
rent waveforms through the random forest algorithm.

The differential energy derived from the line-end current
signals through the S-transform is used in [20] to detect and
isolate fault phases in MGs. A fault-resistance method based
on the active power of zero- or d-frame component con-
sumed by fault resistance is proposed in [21] to protect AC
MGs. Another FPI algorithm is proposed in [22] for MGs us-
ing the line-end current signals processed through the S-
transform and artificial neural network (ANN). A decision
tree (DT)-based differential protection scheme in [23] and a
combined wavelet transform (WT) and DT-based relay algo-
rithm in [24] are proposed for MGs. Another relay algorithm
is proposed in [25] to detect and classify faults in MGs
based on the features derived from the relay-end current sig-
nals through wavelet singular entropy and fuzzy logic. The
fault detection and classification in MGs is performed based
on the differential features derived from the line-end current
signals through the Hilbert-Huang transform and machine
learning technique [26]. In [27], a communication-assisted
microprocessor-based relaying scheme with single-phase trip-

JOURNAL OF MODERN POWER SYSTEMS
AND CLEAN ENERGY



460

ping capability is proposed for MGs using line-end synchro-
nized voltage and current signals.

The aforementioned studies have reported various meth-
ods to detect and isolate faulted phases in MGs. However, in
most cases, their efficacies have not been tested in grid-con-
nected and islanding operation modes, critical fault cases
(high-resistance faults and high-impedance faults (HIFs)
with low-arcing currents), and non-fault switching transients
(large load switching, capacitor switching, DG outage, line
outage, etc.). In addition, the feasibility of the practical im-
plementation of the most available protection schemes have
not been evaluated through a real-time digital platform. Fur-
ther, retraining is necessary for training-based protection
schemes such as ANN and DT to cope with significant
changes in system configurations, which frequently occur in
MGs. Considering the above deficiencies, a fast and secure
differential power based selective phase tripping scheme is
proposed in this study to improve the system reliability of
modern MGs.

The main contributions of this study for the effective de-
tection and isolation of fault phases in MGs can be summa-
rized as follows.

1) This study introduces a differential power based fault
detection scheme for MGs using the measured three-phase
voltage and current signals at the relay location.

2) A threshold-free power coefficient index derived from
the line-end differential power is introduced to identify the
fault phase in MGs.

3) The performance of the proposed protection scheme is
evaluated in numerous fault and non-fault cases generated in
a standard test MG system using the PSCAD/EMTDC soft-
ware.
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4) Based on the comparative assessment results, the pro-
posed protection scheme outperforms those reported in some
earlier studies.

5) The feasibility of the practical implementation of the
proposed protection scheme is evaluated on the OPAL-RT
manufactured RTDS platform.

The remainder of this paper is organized as follows. The
details of the proposed protection scheme are discussed in
Section II. Section III presents the results and corresponding
discussions. The comparative results are presented in Section
IV. Section V explicates the performance validation through
the OPAL-RT manufactured RTDS platform. Finally, Section
VI concludes this paper.

II. PROPOSED PROTECTION SCHEME

The voltage and current signals at the relay location
change with the initiation of a fault in the power distribution
network. In this study, the calculated differential power from
the superimposed voltage and current signals at the relay lo-
cation is utilized for fault detection. Once a fault is detected,
the signs of the computed differential power of each phase
at the end of a particular line are compared to identify the
faulted phases. To transform the proposed scheme into a
threshold-free FPI one, instead of directly utilizing the differ-
ential power, a power coefficient index is derived for each
phase. The computation steps of the proposed protection
scheme are as follows.

The work flow and practical implementation of the pro-
posed protection scheme are shown in Fig. 1. To explain the
proposed protection scheme, we take the line 1-2 in Fig. 1
as an example.

CB21

Taber21

Y

L1 L4

|C?1101113te Oar12> Opri2> and 0cR12|

|Calcu1ate O,ro15 Oprat> and ocR21|

(V) Utility grid " Linedss LS

34.5kV, G—L%A‘—&
= 50 Hz R14 R41|R45 R54
" TR3
pc2 ) H3 et

(PVDG) Bus-4 Bus-5

Fig. 1. Work flow of proposed protection scheme.

The measured voltage and current signals at relay R12 are
sampled at 1 kHz, which are denoted as v,(7n), vip,(7),

V(1) for voltage signals and i ,(n), iyg,(7), ig,(n) for
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current signals at the n" instant, respectively. The one-cycle

differences of the voltage and current signals extracted at the

n"™ instant at relay R12 are calculated using (1) and (2), re-
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spectively.
AV 15(1) =Vigin(n) =Vgip(n=N)
AVigip(1) =Vigip(n) = vigip(n=N) (1)
AVgip(1) =Veri(n) =Verip(n=N')
Aiygiy(n) =igo(n) —igin(n—N)
Aiyo(n) =i (1) —iggn(n=N) )
Aiggyo(n) =igp(n) —ig(n=N)

where N=20 is the number of samples in one cycle. Similar-
ly, the one-cycle difference of the voltage and current sig-
nals can be extracted at relay R21 using (1) and (2). The
three-phase voltages and currents at relay R21 at the n™ in-
stant are denoted as Vv, (1), Vi (1), Ve (7) and iz, (7),
ivror(1), ig(n), respectively. The corresponding one-cycle
differences are denoted as Av g, (7), Avypy (1), AV, (7)) and
Ai o (1), Aoy (1), Aigoy (), Tespectively.

The one-cycle differences of voltage and current signals
(superimposed components) are conventionally used to de-
tect and classify faults in power transmission and distribu-
tion networks [28]. However, the performance of the conven-
tional superimposed approach is affected by the connection
of PVDG in the MG [16]. To avoid this, a differential power
based scheme is introduced in this study. The superimposed
voltage and current components derived from (1) and (2), re-
spectively, are used to calculate the differential power. The
differential power magnitudes of the three phases calculated
at relays R12 and R21 at the n™ instant are expressed in (3)
and (4), respectively.

AP g15(1) = AV, gyo(1) Aigyo(1)
APyiy(1) = Avig (1) Adgyp (1) 3)
AP g5 (1) = Avegyo(1) Ai g (1)
AP (1) = AV o (1) Ad oy (1)
APy, (1) = AV, (1) Adigy (1) (4)
AP g1 (1) = AV (1) Aigyo( )

Once the differential power magnitudes of the three phas-
es at relays R12 and R21 are computed, the magnitudes of
the three-phase differential power, APy,, and APy,,, at relays
R12 and R21 can be calculated using (5) and (6), respectively.

APy, = ‘z AP g15(1) + APy 1 )+APCR12(n))‘ (5)

AP = | (AP ©)

In this study, APy, and APy, are used as the criteria for
the detection of faults in MGs.

Relays R12 and R21 detect a fault if (7) and (8) are satis-
fied, respectively.

n) + APy, (n )+APCR21(n))‘

aR2 l

APy > ¢
APy, >¢€

()
®)

where ¢ is the threshold.

Ideally, the magnitudes of the differential power calculat-
ed at relays R12 and R21 are zero during the normal opera-
tion of the power system. When a fault initiates, the magni-
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tude of the differential power calculated at the relay location
increases. Thus, the computed differential power at the relay
location can be used as a feature for fault detection. Howev-
er, during the initiation of non-fault transients, a certain mag-
nitude of differential power exists, which may be misinter-
preted as a fault. Thus, a threshold of ¢=0.1 is considered to
avoid false fault detection during different non-fault tran-
sients. Based on the simulated results, the chosen threshold ¢
can ensure the reliable fault detection in MGs.

Once a fault is detected, the next task is the FPI. At the re-
lay position, the phasor relationships between the estimated
superimposed voltage and current signals of a particular
phase during forward and reverse faults are shown in Fig.
2(a) and (b), respectively [29], where Z, and Z, are the
source and line impedances, respectively. Figure 2 shows
that the superimposed voltage and current signals during re-
verse and forward faults have the same and opposite signs,
respectively. Herein, this distinction is utilized for the FPI.

Zy Ai,

(2) (b)

Fig. 2. Relationship between superimposed voltage and current signals ex-
tracted during forward and reverse faults. (a) Forward fault. (b) Reverse
fault.

Ideally, the calculated line-end differential power of each
phase is zero during the normal operation, and after an inter-
nal fault occurs, the differential power across the faulted
phase becomes negative. However, the simulation study indi-
cates that even during non-fault transients, the differential
power values calculated at the line-end phases become nega-
tive and have a small magnitude. Thus, for secure discrimi-
nation of faults from transients, a suitable threshold is essen-
tial. It is further observed that the selection of a suitable
threshold for discriminating critical faults (e.g., HIFs) from
non-fault transients may become exigent. Moreover, the inte-
gration of MGs into distribution systems through power elec-
tronic converters affects the voltage and current signals of
non-fault phases. In such situations, the proper threshold se-
lection becomes difficult. To solve this problem and make
the proposed FPI task threshold-free, the power coefficients
o of individual phases at the line end are calculated; the
power coefficient is simply a representation of the differen-
tial power per unit. The steps involved in calculating the
power coefficients of each phase at the line end and the pro-
posed FPI rules are expressed as:

AP ()
)= % (| AP sa(1) || AP(m) || AP o)

oo (n) = AP (1)

M ma (| AP s(m) | AP || 4P |)
Oan(n) = o)

“ max (| AP o (1) ]| AP (1) ||| APa(n)
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APaRZl(n)
O (1) =
max(’APaRZI(n) | AP o, (1) |, APcRZI(n)‘)
oo (1) = AP (1)
bR21 max(‘APaRZ](n) , APszl(/’l) , APCRZl(n)‘) (10)
AP (1)
O'chl(n) =
maX(’APaRZI(n) P APme(”) > Apclul(n)‘)

where 0,(7), Oin(n) . Ogin(n) and G, (1), Guo(n),
O (n) are the power coefficients of the three phases calcu-
lated at relays R12 and R21, respectively.

If (11)-(13) are satisfied, respectively, phases a, b, ¢ will
be detected as the fault phase, respectively.

Oz 1) =0 (n) ==1 (11)
obRIZ(n) :O-bRZI(n) =-1 (12)
Uchz(n) :Uchl(n) =-1 (13)

Otherwise, the condition is normal.

In Fig. 1, the three-phase differential power is calculated
at the relay location using the measured three-phase voltage
and current signals. If the calculated differential power satis-
fies fault detection criteria (7) and (8), the fault detection
unit registers a fault. Once the fault is detected, the power
coefficients of the individual phases are calculated at their re-
spective relay locations using (9) and (10) and transmitted to
the main protection center through the worldwide interopera-
bility for microwave access wireless (WiMAX) communica-
tion technology. The power coefficients of the corresponding
phases at both ends of a feeder are compared. If any of the
FPI criteria (i.e., (11), (12), or (13)) is satisfied, the tripping
command is transmitted to the respective feeder relays to iso-
late the faulted phases. WiMAX is a standard communica-
tion protocol that focuses on fixed wireless application with
a coverage of up to 50 km and a communication delay of ap-
proximately 2 ms [30]. As indicated in the proposed scheme,
a communication medium is only used to transmit the signs
of the computed power coefficients of the three phases; con-
sequently, signal transmission latency can be expected within
1 ms. Such a fast latency does not affect the speed of the
proposed protection scheme.

III. RESULTS AND DISCUSSIONS

The system shown in Fig. 1 is used for data generation,
where DG1 and DG2 are a synchronous distributed genera-
tor (SDG) and an inverter-interfaced PVDG with capacities
of 20 MVA and 10 MW, respectively. Figure 1 also shows
that the SDG and PVDG are connected to the power grid at
Bus-3 and Bus-4, respectively. The control scheme for the in-
tegration of the PVDG to the main grid is modelled as that
in [16]. There are five loads (L1-L5) in the system, and the
line and load data are similar to those in [16]. The DG devic-
es are integrated as per IEEE 1547 [31]. Various faults and
non-fault transients generated in different MG operation
modes through the PSCAD/EMTDC for the performance as-
sessment of the proposed protection scheme are summarized
in Table I. A total of 11100 test cases are generated for the
performance evaluation of the proposed protection scheme.
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Some of the important results from each category are dis-
cussed below.

TABLE I
LIST OF DIFFERENT SIMULATED CASES

Case System operation condition

Operation mode Grid-connected and islanding modes (2 cases)

DG type PVDG and SDG (2 cases)
Load type Balanced and unbalanced loads (2 cases)
Line-to-ground (AG, BG, CG), line-to-line (AB, BC,
F CA), double-line-to-ground (ABG, BCG, CAG),
ault type

three-phase (ABC, ABCG), and HIFs with
low-arcing currents (11 cases)

Fault inception

0°, 45°, 90°, 135°, and 180° (5 cases)
angle
1 Q,10 Q,25 Q, 50 Q, and 100 Q (5 cases)

At 25%, 50%, 70%, 80%, and 90% length of
different feeders (5 cases)

Fault resistance
Fault location
Large load switching, capacitor switching, DG

outage, line outage, and presence of noise in
measured current signal, etc. (total 100 cases)

Non-fault
transient

Total test cases

gencrated 2x2x2x11x5x5%x5+100=11000+100=11100

A. Faults Occurring in Grid-connected Mode (Only SDG is
Grid-connected)

1) Results of Single-phase-to-ground Fault

An AG fault (fault resistance R,=10 Q) is set in line 1-2
at 2.2 s with 4 km from relay R12 (Fig. 1). The three-phase
currents and voltages measured by relays R12 and R21 at
both ends of line 1-2 are shown in Fig. 3(a) and (b), respec-
tively. Immediately after the fault is initiated at 2.2 s, the
magnitudes of differential power computed at relays R12
and R21, APy, and APy,,, increase from zero (Fig. 3(c)), sat-
isfying the fault detection criteria in 2 ms. Further, to ascer-
tain the fault phases, the power coefficients of the three phas-
es at the ends of line 1-2 are calculated and presented in
Fig. 3(d). The power coefficients of phase a at the ends of
line 1-2 satisfy (11), and the proposed FPI algorithm detects
the fault phase a in only 2 ms (Fig. 3(¢)).

The results of the adjacent non-fault line 2-3, as shown in
Fig. 4, can be used to check the security aspect of the pro-
posed FPI algorithm. Since the SDG is the downstream of
lines 1-2 and 2-3, the current and voltage patterns at the
ends of lines 2-3 and 1-2, resulting from a fault in line 1-2,
are similar. Thus, although the fault is in line 1-2, the fault
detection criteria at the ends of lines 2-3 are also satisfied
(Fig. 4(c)). However, the FPI criteria are not satisfied for
any of the phases of line 2-3 (Fig. 4(d)). Thus, a fault in line 1-
2 is treated by the end relays of line 2-3 as an external fault.

2) Results of Double-phase Fault

An AC fault is set in line 2-3 at 2.3 s with 5 km from re-
lay R23 (Fig. 1). The corresponding results are shown in
Fig. 5. In this case and at the inception of the AC fault, the
calculated magnitudes of differential power at relays R23
and R32 increase from zero, and the fault is detected in 2
ms (Fig. 5(c)). The power coefficient based algorithm clearly
shows that the FPI criteria of only phase a and phase c are
satisfied and correctly detected in only 2 ms (Fig. 5(e)).
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Phase

Further, an ABG fault (R,=10 Q) is set in line 2-3 at
2.5 s with 3 km from relay R23. The results in Fig. 6 show
that the differential power based fault detection and power
coefficient based FPI criteria are satisfied at the ends of line
2-3. The proposed protection scheme detects the fault phases
in only 2 ms (Fig. 6(e)).

3) Results of High-resistance Ground Fault

A high-resistance BG fault (R,=50 Q) is set in line 1-2 at
2.4 s with 6 km from relay R12 (Fig. 1). Figure 7 clearly
shows that due to the high fault resistance, the change in the
current magnitude from the normal operation to the fault is
insignificant. Despite this, the calculated magnitudes of dif-
ferential power at relays R12 and R21 satisfy the fault detec-
tion criteria (Fig. 7(c)). Further, Fig. 7(d) shows that only
the FPI criteria of phase b in line 1-2 are satisfied and de-
tected in only 1 ms (Fig. 7(e)).

4) Results of HIF

In electric power distribution systems, energized conduc-
tors usually meet poorly grounded objects such as trees,
wood fences, and vehicles. Sometimes, the overhead conduc-
tors break and touch high-impedance ground surfaces such
as asphalt, concrete, grass, and sand. These contacts restrict
the fault current from a few milliamperes to 75 A only [32].
Such HIFs with low-arcing currents are not effectively de-
tected by overcurrent relays. Although they cause no damage
to the power distribution network components, the energized
conductors on the ground surface can pose a threat to human
life. In addition, arcing caused by such faults are fire haz-
ards.
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Thus, it is necessary to correctly detect HIFs in electric
power distribution networks. However, HIF detection be-
comes more difficult with the increasing penetration of re-
newable energy based DGs into the distribution net-
works [33].

The HIF currents are associated with electric arcs and
hence are random, non-linear, asymmetric, and intermittent.
The circuit model considered in this study, exhibiting the
above characteristics of the HIF current, is similar to that in
[32] and is reproduced in Fig. 8. In Fig. 8, one path consists
of a DC voltage source V,, a diode D,, and a variable resis-
tor R,; similarly, the other path consists of V,, D, and R,.
This HIF model is connected to the middle of phase a in
line 1-2 shown in Fig. 1 and short-circuited to the ground at
2.5 s. The voltage and current waveforms at the HIF loca-
tion are shown in Fig. 9, which indicate the nonlinearity and
randomness of the HIF. In addition, the HIF current magni-
tude is restricted to less than 75 A. The results of the fault
case are shown in Fig. 10. The differential power and power
coefficient criteria are satisfied, and the FPI criteria are satis-
fied and correctly detected in 7 ms (Fig. 10(d)). This shows
that the proposed protection scheme is highly sensitive even
to HIFs with low-arcing currents.

Fig. 8. Schematic diagram of HIF model.
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Fig. 9. Typical voltage and current waveforms during HIF. (a) Voltage. (b)
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B. Faults Occurring in Grid-connected Mode (Only PVDG
is Grid-connected)

1) Results of Single-phase-to-ground Fault

A CG fault (R,=50 Q) is created in line 1-4 at 3.2 s with
7 km from relay R14 (Fig. 1). The corresponding results of
the fault case are shown in Fig. 11. As shown in Fig. 11(a),
the currents of the non-fault phases, especially near relay
R41, i.e., close to the PVDG, are also affected. Despite this,
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the calculated differential power (Fig. 11(c)) and the power
coefficients (Fig. 11(d)) at both ends of line 1-4 satisfy the
corresponding detection criteria, and the proposed scheme

detects the fault phase (phase c) in only 1 ms (Fig. 11(e)).
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Fig. 10. Performance results at relays R12 and R21 during HIF (AG type)
in line 1-2. (a) Current. (b) Differential power AP. (c) Power coefficient o.
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2) Results of Double-phase-to-ground Fault

A BCG fault (R,=10 Q) is initiated in line 1-4 at 2.7 s
with 8 km from relay R14 (Fig. 1). The corresponding re-
sults are shown in Fig. 12. As shown in Fig. 12(e), the FPI
task is performed in only 3 ms.
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Fig. 12. Performance results at relays R14 and R41 during BCG fault in
line 1-4. (a) Current. (b) Voltage. (c) Differential power AP. (c) Power coef-
ficient o. (e) Output.

C. Faults Occurring in Islanding Mode (Grid is Disconnected)

1) Results of Single-phase-to-ground Fault

In the islanding mode, an AG fault (R,=10 Q) is initiated
in line 2-3 at 3.1 s with 3 km from relay R23 (Fig. 1). The
corresponding results are shown in Fig. 13. In Fig. 13(a), the
currents of non-fault phases are also affected by the pres-
ence of power from the inverter-interfaced PVDG. Despite
the irregular patterns of currents in the non-fault phases, the
proposed scheme performs the FPI task in only 1 ms (Fig.
13(e)). Thus, the performance of the present scheme is inde-
pendent of the operation modes of MG.
2) Results of Single-phase Fault During Unbalanced Loading

Distribution networks sometimes operate with unbalanced
loads. In the islanding mode, let phase ¢ of load L5 be dis-
connected, which results in an unbalanced condition in the
system. During this period, a BG fault (R,=20 Q) is initiat-
ed in line 4-5 at 2.3 s with 6 km from relay R45 (Fig. 1).
The corresponding results are presented in Fig. 14. Under
the unbalanced load condition, the initiation of the BG fault
causes AP and o of phase b to satisfy their preset thresholds,
and the proposed scheme detects the fault phase (phase b) in
only 2 ms (Fig. 14(e)).
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3) Results of Double-phase-to-ground Fault

In the islanding mode, an ABG fault (R,=10 Q) is initiat-
ed in line 1-2 at 3.4 s with 7 km from relay R12 (Fig. 1).
The corresponding results are shown in Fig. 15. As shown in
Fig. 15(e), the FPI criteria are satisfied at the ends of line 1-
2, and the fault phases (phase a and phase b) are identified
in only 1 ms.

—lar12> " BbR12Y
_

*g 2
ES opmse
O T2

3.

ler12

=

35 3.40
1(s)

OR OR _
OB ok :
3.35 3.40 3.45 3.35 3.40 3.45
1(s) 1(s)
(®
=g =2y
- PN N i
$5 0 ‘ S0 ‘ |
3.38 3.40 3.42 3.38 3.40 3.42
1(s) 1(s)
(©)
1 = Oari2> " Opr12> * Ocr12 1~ —0ara15 ==~ Obr215 " Ocr21
o of o Of
1l A -1 A\ ‘
3.38 3.40 3.42 3.38 3.40 3.42
1(s) 1(s)
(d)
51
&
S olaacca et g
¢ b a 338 3.39 340 341 3.42
Phase 1(s)
(e)
Fig. 15. Performance results at relays R12 and R21 during ABG fault in

line 1-2. (a) Current. (b) Voltage. (c) Differential power AP. (c) Power coef-
ficient o. (e) Output.

D. Robustness to Non-fault Transients in MGs

For security assessment, the proposed protection scheme
is tested on different possible switching events such as large
load switching, capacitor switching, sudden DG outages, line
outages, and presence of noise in the current signal. The cor-
responding results of some non-fault transient cases are con-
sidered below.

1) Results of Large Load Switching

At 3.5 s, load L2 at Bus-1 suddenly increases to 1.4 times
the rated value (Fig. 1). The effects of load switching on
Bus-1 at both ends of the relays of adjacent lines (lines 1-2
and 2-3) are evaluated. However, owing to page restrictions,
only the results of line 1-2 are provided in Fig. 16. As
shown in Fig. 16(c) and (d), none of the fault detection and
isolation criteria at the ends of lines 1-2 is satisfied, and the
algorithm is not activated. Thus, load switching is not a
problem for the proposed protection scheme.

2) Results of Capacitor Switching

A 1.5 kvar capacitor connected to Bus-1 (Fig. 1) is sud-
denly switched off at 3.0 s. The effects of capacitor switch-
ing on Bus-1 at both ends of the relays of adjacent lines
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(lines 1-2 and 2-3) are evaluated. For simplification, only the
results of line 2-3 are presented in Fig. 17.
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As shown in Fig. 17(c), the calculated magnitudes of dif-
ferential power at both ends of line 2-3 exceed their respec-
tive thresholds. Thus, capacitor switching is detected as a
fault event, activating the FPI algorithm. However, as shown
in Fig. 17(d), the calculated power coefficients at both ends
of line 2-3 have opposite signs, confirming that capacitor
switching is a non-fault event (Fig. 17(e)).

3) Results of DG Outage

The PVDG is suddenly disconnected at 2.1 s from the util-
ity grid (Fig. 1), and the test results of line 1-4 are provided
in Fig. 18. The changes of the voltage and current signals
due to the sudden outage of PVDG satisfy the differential
power based fault detection criteria (Fig. 18(c)). However,
the power coefficients at both ends of the three phases have op-
posite signs, confirming that the DG outage is a non-fault
event.

IV. COMPARATIVE ASSESSMENT

The proposed relay scheme is compared with three recent
relay schemes proposed for MG protection, namely S-trans-
form operated differential energy scheme [20], cross-alien-
ation coefficient scheme [17], and a scheme based on the ac-
tive power of zero- or d-frame component consumed by
fault resistance [21]. A performance comparison between
two critical fault modes is provided below.
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Fig. 17. Performance results at relays R23 and R32 during capacitor
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A. Comparative Results of High-resistance Fault in Island-
ing Mode

The comparative results of a high-resistance CG fault (R,=
100 Q) initiated at 3.7 s with 7 km from relay R14 in line
1-4 (Fig. 1) in the islanding mode are presented in Fig. 19.
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Fig. 19. Comparative assessment results during high-resistance CG fault in
line 1-4. (a) Currents measured at relays R14 and R41. (b) S-transform oper-
ated differential energy scheme. (c) Cross-alienation coefficient method.
(d) Active power of zero- or d-frame component consumed by fault resis-
tance APpy,. (e) Differential power AP. (f) Power coefficient . (g) Output.

As shown in Fig. 19(b), the S-transform operated differen-
tial energy of phase ¢ DE, exceeds the preset threshold
DE,,. Moreover, this scheme can detect the high-resistance
fault but requires 41 ms. Similarly, Fig. 19(c) indicates that
the cross-alienation coefficient scheme can detect phase ¢ as
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the fault phase but requires 26 ms. Further, Fig. 19(d) shows
that the scheme based on the active power of zero- or d-
frame component consumed by fault resistance is unable to
detect high-resistance ground faults in MGs. By contrast, the
proposed scheme can detect the fault phase (phase c¢) in only
2 ms (Fig. 19(e)-(g)).

B. Comparative Results of HIF in Grid-connected Mode

The comparative results of an HIF (AG type) in line 1-2
with 8 km from relay R12 (Fig. 1) in the grid-connected
mode (only the SDG is connected to the power grid) are
shown in Fig. 20.

T lar12> T R12) T ler12 T laras —r21s T leR21

<04 g 0.4
= 0.2 < 0.2
= 0 = 0
£2-02 2-0.2
04 s : 3-04 s :
2.45 2.50 2.55 2.45 2.50 2.55
1(s) 1(s)
(a)
= 2r
S 5 —DEqy;—DE,; —DEy; - DE,
g
£ 5
a o0
2.3 2.4 2.5 2.6 2.7 2.8
1(s)
(b)
=
22l
s § (Phasea — Phase b; ---Phase ¢
L9
k=
2 8
59 ‘ ‘
O 248 2.4 2.50 2.51 2.52
Time (s)
(©)
~ 0.02
2
2 o
e
-4
& -0.02 . ”
2.45 2.50 2.55
1(s)
(d)
s Z 04
;04 s
~ 0.2 =02
= o~
& 0 5 0
< 248 2.50 2.52 2.48 2.50 2.52
1(s) 1(s)
(e)
1 aR12> —TbR12) —ler12 U oty —lprats —ieon
o 0 o 0}
-1 -1 :
2.48 2.50 2.52 2.48 2.50 2.52
1(s) 1(s)
(f)
s 1
= L
Soltio S mm s
Phase £(s)
(&
Fig. 20. Comparative assessment results during HIF (AG type) in line 1-2.

(a) Currents measured at relays R12 and R21. (b) S-transform operated dif-
ferential energy scheme. (c) Cross-alienation coefficient scheme. (d) Active
power of zero- or d-frame component consumed by fault resistance AP,
(e) Differential power AP. (f) Power coefficient o. (g) Output.
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The HIF model shown in Fig. 8 is used for the present
comparative study. As shown in Fig. 20(b), the S-transform
operated differential energy scheme is unable to detect the
HIF as the derived feature of phase a, i.e., DE, is less than
its preset threshold DE.,. However, the cross-alienation coef-
ficient scheme can detect the HIF (AG type) in 12 ms (Fig.
20(c)). Further, the scheme based on the active power of ze-
ro- or d-frame component consumed by fault resistance is
unable to detect the HIF (Fig. 20(d)). By contrast, the pro-
posed scheme can detect the HIF (AG type) in only 7 ms
(Fig. 20(e)-(2)).

The comparative results of these two fault modes confirm
that the proposed scheme can detect even the critical faults
in MGs and isolate them more quickly and securely than oth-
ers. Thus, the proposed relay scheme outperforms those re-
ported in some earlier studies in detecting and isolating fault
phases in MGs.

V. PERFORMANCE VALIDATION THROUGH RTDS
PLATFORM

To evaluate the effectiveness and correctness of the pro-
posed selective phase tripping scheme in a real network, it is
implemented and validated through the OPAL-RT manufac-
tured (OP4510) RTDS platform. The hardware setup for the
real-time simulation study is shown in Supplement Materi-
als. For simplification, the result of only one fault case is
presented.

An AG fault (R=10 Q) is initiated in line 1-2 at
2.5 swith 7 km from relay R12 (Fig. 1) in the grid-connect-
ed mode. The current and voltage signals measured at relays
R12 and R21 are shown in Fig. 21(a) and (b), respectively.
The output of the proposed FPI scheme is shown in Fig.
21(c). The fault phase (phase a) is detected in only 3 ms, in-
dicating that the result obtained through the RTDS platform
is the same as those previously obtained using the PSCAD/
EMTDC simulation software. Thus, the proposed relay
scheme can be facilely implemented for the practical protec-
tion of MGs.

VI. CONCLUSION

In this study, a differential power coefficient based thresh-
old-free and computationally efficient protection scheme is
proposed for the selective tripping of fault phases in modern
MGs consisting of PVDGs and SDGs. The performance of
the proposed protection scheme is validated on numerous
faults, including critical faults (high-resistance faults and
HIFs with low-arcing currents) and non-fault transients
(large load switching, capacitor switching, DG outage, line
outage, etc.) simulated in a standard MG operating in both
grid-connected and islanding modes. The results indicate that
through the proposed protection scheme, fault phases, includ-
ing critical faults in MGs, can be detected and isolated with-
in 10 ms (half a cycle of the power frequency signal). In ad-
dition, the scheme is immune to switching transients. Com-
parative assessment results also clearly show that the pro-
posed protection scheme outperforms the available protec-
tion techniques, especially in the detection and isolation of
critical faults such as high-resistance faults and low-current
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arcing HIFs in MGs. Further, the RTDS results through OPAL-
RT (OP4510) prove the feasibility of the proposed protection
scheme for its practical implementation as MG protection.
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