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Abstract-- A novel, simple and fast method to identify the
faulted phases using the maximum rate of change of incremental
current (ROCOIC) is proposed. Six indices are calculated
considering a pairwise comparison of ROCOIC. The decision-
making process is based on selecting which two indices are the
largest among all. The algorithm requires only three thresholds to
detect fault inception and to identify the ground and three-phase
faults. Simulation studies show that the method is robust and not
affected by fault inception angle, fault location, and fault
resistance. The proposed method only requires locally measured
current signals. Since the method relies on the fundamental
component of instantaneous incremental current, the proposed
method can be implemented in systems with low sampling rates
and avoids the need to use transducers with high bandwidth.
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. INTRODUCTION

ROMPT and accurate fault type classification and faulted

phase selection schemes play a major role in the protection
of transmission lines. A properly implemented phase selection
scheme should (i) allow the faulted loops in the distance relay
to operate while blocking the healthy loops and (ii) enable
single-pole tripping and reclosing schemes by differentiating
single-phase faults from multi-phase faults. With the growing
penetration of inverter-based resources (IBR), the inertia of
power systems is reduced, and strict stability margins are
introduced to maintain the system stability. Therefore, critical
clearing times are reduced and the faults in the system must be
cleared faster. Hence faulted phase selection schemes must
operate within a short time window after the inception of a fault
to ensure the prompt and correct operation of protection
schemes.

Faulted phase selection schemes can be categorized into
three groups: i) phasor-based methods; ii) superimposed
component-based methods [1], [2]; iii) transient component-
based methods [3]. Phasor-based phase selection algorithms
typically take at least one cycle to make a decision. If the HV
circuit breaker operating time of 2-3 cycles is considered [4],
the typical fault clearance time would be in the range of 3 — 4.5
cycles after considering the time of 1-1.5 cycles [4] to issue a
trip signal of phasor-based methods. This can create
unfavorable system conditions in a system with strict stability
margins and short critical clearing times. Some of the
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incremental component-based phase selection algorithms [1],
[2] have shown improvements in speed and accuracy, but they
are still based on the phase angle relationships between the fault
currents and voltages.

Hence, transient-based faulted phase selection algorithms
have been proposed as a solution to the limitations faced by
phasor-based faulted phase selection algorithms. Most of these
transient-based methods typically use the wavelet transform to
extract transients from fault-generated signals [3], [5] — [8] and
often use machine learning methods such as neural networks,
fuzzy logic, decision trees, and support vector machines to
develop the phase selection algorithm [5], [9] — [13]. In addition
to machine learning-based methods, threshold-based methods
that use fault-induced transients are also reported in the
literature [14] — [16]. These transient-based methods are
capable of identifying faulted phases in less than a millisecond
reducing the relay decision-making time by a significant
margin.

Even though transient-based faulted phase selection
algorithms show promising results some drawbacks are
inherent to transient-based methods. One of the major
drawbacks of transient-based methods is the effect of fault
inception angle. A fault in a transmission line generates a step
change in the voltage profile and this step change generates the
transients. The strength of these transients is mainly dependent
on the size of the step change in voltage. The size of the step
change is determined by the fault inception angle and the fault
resistance. Hence, if a high resistance fault occurs closer to the
zero crossing of the voltage waveform, the transient-based
algorithms are vulnerable to producing incorrect results or
failing to operate completely. This drawback is common to
almost all transient-based schemes. Another drawback of
transient-based methods is the dependency on high sampling
rates. Typically, most of the transient-based scheme focuses on
high-frequency transients ranging from a few kHz to several
MHz range. Therefore, sampling rates of these transients-based
methods vary from kHz to MHz range [3], [5] based on the
considered frequency ranges of the algorithms. Hence to
implement some of these proposed methods, special
transducers with high bandwidth or signal processing modules
with special capabilities may require increasing the cost. The
accuracy of transient-based methods can be affected by the
traveling wave reflections at transposition points and joints of
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non-homogeneous line segments. In addition to that, the
transient-based methods which utilize machine learning-based
techniques often require large sets of data to train the models
which come at a high engineering cost.

The concept of using derivatives of currents for protection,
fault location, and faulted conductor identification is not new
and it has been used in HVDC systems. These methods in the
published literature mainly use the transient part of the current
waveform, and when this concept is applied to AC transmission
systems they face major challenges as mentioned above. This
paper extends some initial ideas of [14] — [16] to overcome
many of the drawbacks discussed above and proposes a novel,
simpler, fast, and robust phase selection algorithm. This new
algorithm uses incremental currents in a way that is completely
different from the algorithms proposed in [1], [2]. Six indices
are defined as ratios of the rate of change (ROC) of
instantaneous incremental currents of different pairs of phase
currents. Each of these indices reflects relative magnitudes of
the rate of change of incremental current through the two phases
considered.

The novelty of the proposed method is as follows. Unlike the
methods using transient portions of the derivatives of currents,
the method proposed in this paper uses the derivate of
instantaneous incremental currents. The incremental currents
used in the proposed method is low pass filtered such that the
frequency spectrums of the incremental currents do not contain
high-frequency transient currents. Therefore, the impact of the
fault inception angle is minimized in the proposed
instantaneous incremental current-based method.

The proposed method has many advantages. Since the
proposed method only relies on local current measurements the
proposed method does not need to use voltage transducers or
communication schemes. The method makes decisions based
on the relative magnitudes of the calculated indices. Therefore,
the method does need any threshold settings except for a
threshold setting to identify the three-phase fault and a
threshold setting to discriminate ground fault. This reduces the
need to run intensive system studies to determine threshold
settings and reduces the overall complexity of the algorithm.
Since the proposed method only requires the fundamental
frequency component of incremental current, unlike most
transient-based phase selection methods which require high
sampling rates in the range of hundreds of kHz, the proposed
method can be implemented with sampling rates used in
conventional relay platforms. In addition, the use of
incremental currents reduces the effect of load currents and the
non-homogeneity of lines.

The rest of the paper is organized as follows. Section Il
describes the principle behind the proposed method. Section il
describes the signal processing involved in the proposed
algorithm and explains the complete implementation of the
algorithm. The proposed incremental current-based phase
selection method is evaluated in Section IV and Section V
presents the conclusions.

Il. PRINCIPLE BEHIND INCREMENTAL CURRENT-BASED PHASE
SELECTION SCHEME

A. Incremental Quantities

Incremental quantities presumably consist of only the fault-
induced components of voltages and currents and are intuitively
understood as the differences between the fault voltage and
currents and their pre-fault values. However, the term
“Incremental Quantities” is a broad term, and based on the
filtering frequency range three types of incremental quantities
can be defined. These are i) Instantaneous incremental
quantities, (ii) Phasor incremental quantities, and (iii) High-
frequency incremental quantities.

Phasor incremental quantities only contain the fundamental
frequency component of the fault component, and it comes at
the expense of the filter latency and slower operation whereas
high-frequency incremental components are obtained using
high pass filtering and are short-lived. On the other hand,
instantaneous incremental quantities contain all the frequency
components including the decaying dc component, the fault
component of the fundamental frequency, and the high-
frequency transients. This paper uses instantaneous incremental
quantities after conditioning to focus on a narrow band around
the fundamental frequency.

B. Instantaneous Incremental Current Based Faulted
Phase Selection Indices

When a fault occurs in a transmission line, fault currents start
to flow in the phases involved in the fault. Therefore, current
magnitudes in the faulted phase or phases are significantly
higher than the current magnitudes in the non-faulted phase or
phases. However, trying to identify the faulted phase or phases
using a simple magnitude comparison would not be successful
under high resistance faults or when the system is heavily
loaded. Since incremental currents observed in the post-fault
current represent the fault-induced components, the process of
identifying faulted phases becomes much simplified. Therefore,
a pairwise comparison of the rate of change of (ROCOC)
incremental currents is used to identify the strength of the
incremental currents, and the likely source of incremental
currents can be identified.

This paper proposes the pair of indices defined in (1) to
compare two phases; thus, for a three-phase system, six indices
can be calculated.

|dAlx ®

dAi,, (t)
w50
|dAlx(t) (1)

dt
This index is a measure of the relative strength of the
incremental current to another phase and vice versa where
Ai,(t) and Ai,(t) are instantaneous incremental currents of
phase-X and -Y respectively. The absolute maximum rate of
change of incremental currents within a short time window of
length Ty is used for computing the indices. Ground faults are
identified by checking for the existence of zero sequence
currents.
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C. Faulted Phase ldentification Using the Proposed
Indices

The following three subsections describe the basis of criteria to
identify the faulted phases.

1) ldentifying the Faulted Phase in Phase-to-Ground Faults
Consider a Phase-A-to-Ground fault. During this fault, a
significant incremental current can be observed in Phase-A and
little to no incremental currents can be observed in Phases B
and C. Hence the six indices during a Phase-A-to-Ground fault
would have the following relationships: F,, > 1, F,. = 1,
F, <1, F,, 1, F,, = 1,and E,. > 1. Therefore, during a
Phase-to-Ground fault, the two indices which have the faulted
phase incremental current as the numerator will be the largest
two indices among six indices while the other four indices will
be a) Approximately equal to one or b) Less than one.

Thus, the following logic can be used to determine the faulted
phase in any Phase-to-Ground fault.
if{max(Fap, Fyc, Foa) = Fap) &(max(Fyq, Fep, Foe)
=F,.)}: AG Fault
else if{(max(Fac, Fpe) Fea) = Fuc) &(max(Fyq, Fop, Foc) (2)
= F,q)}: BG Fault
else if {(max(Fap, Fyc, Fea) = Fea) &(max(Feq, Fep, Fac)
=F,)}:CG Fault

2) ldentifying the Faulted Phases in Phase-to-Phase and
Phase-to-Phase-to-Ground Faults
To explain the logic to identify the phases in Phase-to-Phase or
Phase-to-Phase-to-Ground faults, consider a Phase-B-to-C
fault. During a Phase-B-to-C fault, significant incremental
currents can be observed in Phases-B and -C. Hence the six
indices during a Phase-B-to-C fault would be related as: F,;;, <
1, Fpe= 1, Eg> 1, Fpue»1, Fyy=1,and F,, K 1. In
general, during a Phase-to-Phase or Phase-to-Phase-to-Ground
fault, the two indices which have the incremental currents of the
faulted phases in the numerator will be the largest two indices
while the other four indices will be either less than one or
approximately equal to one. Hence, a logic scheme can be
developed to identify the faulted phases in Phase-to-Phase and
Phase-to-Phase-to-Ground faults.

if {tmax(Fap, Fyc, Foa) = Fpe) &(max(Fyg, Fop, Fac)
= F,.)}: AB/ABG Fault
else if{(max(Fap, Fyc, Fea) = Fap) &(mMax(Fyq, Fop, Fac) A3)
= F,,)}: AC/ACG Fault
else if {(max(Fap, Fyc, Fea) = Foo) &(max(Fyq, Fep, Fac)
= F,)}: BC/BCG Fault
Phase-to-Phase-to-Ground faults can be discriminated from the
Phase-to-Phase faults by checking the existence of zero
sequence currents.

3) Identifying Three-Phase Faults

During a Three-Phase fault, incremental currents can be
observed in all three phases. Therefore, all six indices will be
approximately equal to one. Hence, the difference between the
index and its inverse index should be theoretically equal to zero.
The logic to identify the Three-Phase faults is given in (4).

if{(|Fap = Fpal < k1) &(|Fpc — Fop| < k1) & (|Feq — Fycl (4)
< k;)}: Three — Phase Fault
The threshold k; can safely be set to 1.
The criteria to identify the faulted phases can be summarized in
Table 1 where the largest two indices out of the six calculated
indices during a fault are marked by an X.

TABLE 1 LARGEST TWO INDICES FOR DIFFERENT FAULT TYPES
Fault

Index
Fab Fbc Fca Fba Fcb Fac
AG X X
BG X X
CG X X
AB/ABG X X
AC/ACG X X
BC/BCG X X

I11. SIGNAL PROCESSING AND ALGORITHM IMPLEMENTATION

As mentioned in Section Il. A, , instantaneous
incremental currents consist of all the frequency components
including the decaying dc component, the fundamental
frequency component of the fault component, and high-
frequency components. The proposed phase selection scheme
works best when focused on the fundamental frequency
component of the fault component. To eliminate dc components
and high-frequency noise due to traveling waves, some amount
of signal conditioning is required. The signal processing
involved in the proposed algorithm is depicted in Fig. 1 along
with the index calculation stage. Fig.1 (a) shows the signal
processing and maximum value calculation stage of the
algorithm. The instantaneous current samples are first filtered
using a digital mimic filter to remove the decaying dc
component. Accurate knowledge of the system-dependent filter
time constant is not critical for this application. Upon removing
the dc component, the current samples are low-pass filtered to
remove the high-frequency transients. Incremental currents are
calculated after the filtering stage using the equation given in
(5).

Ai(n) = i(n) —i(n —kN) (5)
where K is the delay in number of cycles and N is the number of
samples per cycle.

Fig.1 (b) shows the fault detection logic and the index
calculation stage of the algorithm. Until the fault is detected the
indices are forced to 1. Once the fault is detected, the timer is
activated. The value of the index at the end of the timer is held
at the sample & hold circuit. A simple threshold-based
comparison method is employed to detect the fault condition in
this paper and it works fast and reliably for a variety of
conditions. If desired, any other robust fault detection technique
can be used.
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Fig.1 Calculating the Faulted Phase Identification Indices (a) Signal
Conditioning and Max(di/dt) detector, (b) Index calculation

Fig. 2 shows the complete phase selection algorithm. Once the
fault is detected, first the three-phase fault check is carried out
to identify the existence of a three-phase fault. Then the ground
faults are discriminated by checking for the existence of zero




sequence current by comparing the zero-sequence current
against threshold ko. Then the logic conditions for each fault are
checked until a decision is made.

IV. ALGORITHM EVALUATION

A. Test System

The algorithm was evaluated using the 230 kV power system
shown in Fig. 3, simulated in the electromagnetic transient
(EMT) simulation program PSCAD/EMTDC™,

The sources were modeled as voltage sources with different
positive and zero sequence impedances. The two sources are
connected to the system using A-Y grounded transformers. The
three-phase transformer model available in the transformer
library was used to model the two transformers. The
transmission lines were modeled using frequency-dependent
line models available in PSCAD/EMTDC transmission line
library with default settings. The 3-conductor delta tower type
was used, and the line design is shown in Fig. 3(a). Chukar
conductors having a DC resistance of 0.0203 Q/km and a radius
of 0.032m were used for phase conductors. The DC resistance
and radius of ground conductors are 2.8645 /km and 0.0055m
respectively. The transmission lines were transposed by
connecting three-line segments as shown in Fig. 4 instead of
enabling ideal transposition. The ground plane component
available in the transmission library in PSCAD/EMTDC™ was
used to represent the earth ground return path of the system and
it was approximated with a constant resistivity of 100 Qm. The
current transformer (CT) was modeled using the JA model and
the potential transformer (PT) was modeled using the Lucas
model available in the protection library in PSCAD/EMTDC™
simulation software with ratios of 500:5 and 230000:115 for CT
and PT respectively. The parameters of the transmission line at
50 Hz are given in

Table 2. The source impedances are given in

Table 3. The parameters of the CT and PT models are given
in

Table 4 and

Table 5. Parameters of the three-phase transformer are given
in

Table 6. The faults were modeled as two-state resistances (1
MQ no-fault, 0.01 Q short circuit). The simulation was run with
10 ps time steps.

The three-threshold settings and the low pass filter cutoff
frequency were verified through a simulation study. Low pass
filter cutoff frequency was selected such that the filter removes
a sufficient amount of transients with minimum filter delay.
Therefore, the low pass filter cutoff frequency was set to 150
Hz. This cutoff frequency works well for systems with 50 or 60
Hz nominal frequency, but the value of the cutoff frequency is
not critical as long as high-frequency content is removed. The
fault detection threshold (kr) should be set above the absolute
sum of peak di/dt values under normal operation, which is
theoretically equal to zero since no incremental currents should
be flowing in the circuit during a non-fault situation. Hence, the
threshold setting was set to 1 A/s. In practice, this threshold can
be adjusted during the commissioning so that it does not trigger

due to normally present noise. The setting is also not critical, as
it is not required for the faulted phase selection algorithm to
discriminate between faults and other events (such as load or
line switching, etc.). The ground fault discrimination threshold
(ko) was set to 5 % of the steady state RMS current to 0.1125 A.
The three-phase fault detection threshold (ki) was setto 1.0. The
index calculation time window (Tw) was set to 5 ms. A window
length of about a quarter cycle ensures a fast response and
minimizes any influence of CT saturation because, in properly
designed systems, it is highly unlikely for DC saturation to
occur in the first quarter cycle after a fault. The signal
conditioning and algorithm parameters can be fine-tuned to a
given system, for example, ko can be set more sensitively for
systems with high impedance or resonance grounding.
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Fig. 2 Incremental Current-Based Faulted Phase Selection Algorithm
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Fig. 3 (a) Test System and (b) Transmission Line Design
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TABLE 2 TRANSMISSION LINE PARAMETERS (230 KV, 100 MVA BASE)
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Parameter Value (p.u) Parameter Value (p.u)

R: 0.0098 Ro 0.0851

X1 0.1200 Xo 0.3240

TABLE 3 SOURCE IMPEDANCE DATA

Source 7, (QQ) Zy (QQ) MVA

Source 1 1.077487.65° 0.8964.80.86° 500

Source 2 0.15125,89.9° 0.0725,89.9° 800
TABLE 4 CURRENT TRANSFORMER PARAMETERS

Parameter Value

Primary Turns / Secondary Turns 240

Secondary Resistance / Inductance

0.5Q/0.8x10° H

Core Area

2.601x107° m?

Burden Resistance / Inductance

0.5Q/0.8%x10°H

TABLE 5 POTENTIAL TRANSFORMER PARAMETERS

Parameter

Value

Primary Resistance/Inductance (on secondary)

0.05Q/0.47x10° H

Secondary Resistance/Inductance

0.18 Q/0.47x10°H

Scenario-2 AC 150 Q 50 % of Line LM

Scenario-3 ABC 150 Q 50 % of Line LM

Fig. 5 shows the rate of change of incremental currents
(ROCOIC) for considered fault scenarios. Fig. 5 (a) shows the
ROCOIC for Scenario-1 where the ROCOIC of phase-B is
significantly larger than the ROCOIC of the other two phases.
In addition to that, variations of ROCOIC of phases-A and C
are identical during the fault scenario. Hence, Fya and Fyc will
be much larger than Fa,, Fca, Feb, and Fap which satisfies the
condition given in (2). Similar behavior can be observed for
other Phase-to-Ground faults as well.

Fig. 5 (b) depicts the variation of ROCOIC for fault
Scenario-2. The ROCOIC of the two faulted phases (Phase-A
and C) are much larger than the non-faulted phase (Phase-B).
Since the magnitude variation of the two faulted phases is
identical, Fca and F4c indices would be approximately equal to
one whereas Fap, and F¢, would be much larger than the other
four indices. Hence, using the logic given in (3) the two faulted
phases can be identified as Phase-A and C. A similar kind of
behavior can be observed in a Phase-A-to-Phase-C-to-Ground
fault scenario as well. The only difference would be the
existence of zero sequence current.

Fig. 5 (c) shows the variation of ROCOIC for fault Scenario
3. In this case, all three phases show a significant amount of
incremental currents compared to the other two fault scenarios.
Furthermore, the magnitude variation of all three phases is
similar to each other. Therefore, all six indices calculated
during this fault scenario would be close to one satisfying the
criteria given in (4).

Table 8 shows the index values for the considered fault
scenarios. Even with a high fault resistance value such as 150
Q the proposed method can identify the correct faulted phase
which is one of the main advantages of the proposed algorithm.

TABLE 6 TRANSFORMER DATA

Hysteresis/Eddy Current Loss 50W/25W

Secondary Operating Voltage/Frequency 115 V/50 Hz TABLE 8 INDEX VALUES FOR CONSIDERED FAULT SCENARIOS

Operating Flux Density 08T Scenario Fab Foc Fea Fa Feb Fac

Burden Resistance/Inductance — Series 301.0 Q24 H Scenario-1 | 0.096 9.73 1.07 10.41 0.10 0.934

Burden Resistance — Parallel 785.0 Q Scenario-2 | 77.62 | 0.013 | 0.99 0.013 | 77.62 1.00
Scenario-3 | 0.877 1.34 0.85 1.14 0.74 1.18

Parameter Value

Transformer 1 Transformer 2
Line-to-Line Voltages: Winding | 13.8 kV/230 kV 22 kV/230 kV
-1/Winding -2
Transformer MVA 500 800
Positive Sequence Leakage 0.1p.u 0.1p.u
Reactance
Magnetizing Current 20% 20%
Air Core Reactance/Knee 02pu/117pu | 0.2pu/117p.u
Voltage

B. Demonstration of Basic Algorithm

TO DEMONSTRATE THE BASIC OPERATION OF THE PROPOSED ALGORITHM,

FAULTS LISTED IN
Table 7 were applied in the middle of Line-LM at 0.5 s.

TABLE 7 CONSIDERED FAULT SCENARIOS

Scenario Fault

Fault Resistance

Location

Scenario-1 BG

150 Q

50 % of Line LM

8000

4000
6000
4000 2000

2000

dbi/dt (Afs)
o

o

dni/dt (Afs)

-2000

-4000

-6000

0.49 0.5

dai/dt (A/s)

0.5

Fig. 5 Rate of Change of Incremental Currents for (a) Scenario-1, (b) Scenario-
2, and (c) Scenario-3



C. Identification of Phase-to-Ground Faults

Fig. 6 shows the variation of fault indices for Phase-C-to-
Ground fault for three different fault resistances (0.01 Q, 100
Q. and 300 Q). Fault inception angle was varied in one-degree
steps from zero to 180 degrees. The faults were applied at 50 %
of the length of Line-LM. Irrespective of the fault resistance
value, the indices F,, and F,, remains the largest two indices
while F,, and F,, are close to one and F,. and F,,
remains the smallest indicating a Phase-C-to-Ground fault. The
results prove the robustness of the proposed algorithm against
the fault resistance and inception angle, some of the weaknesses
that transient-based phase selection algorithms such as those
proposed in [14]-[16] had.

0 60 120 180 0 60 120 180
(© ()

Fig. 6 Variation of Fault Indices with Fault Inception Angle for Three Fault
Resistances for Phase C-G faults (@) Fas, (b) Foc, (€) Fea, (d) Fa, (€) Feb, and (f)
Fac

The influence of fault location on the proposed algorithm was
analyzed by applying Phase-A-to-Ground short circuit faults on
Line-LM between 10 % and 100 % of the line length. Fig. 7
depicts the variation of fault indices with 1-degree increments
along the line. The indices F,;, and F,. which are depicted in
Fig. 7 (a) and Fig. 7 (f) remain as the two largest indices
irrespective of the fault inception angle and fault location
verifying the existence of a Phase-A-to-Ground fault.

o ) 60 120 180 0 60 120 180
(©) (f)

Fig. 7 Variation of Fault Indices (a) Fab, (b) Foc, (C) Fea, (d) Fta, (€) Fen, and (f)
Fac with Location for Phase-A-G fault

D. Identification of Phase-to-Phase Faults

Fig. 8 depicts the variation of fault indices for Phase-A-to-C
fault applied at 80 % of line length with fault inception angle
for three different fault resistances (0.01 Q, 100 Q, and 300 Q).
The fault indices F,;, and F,, remains as the two largest fault
indices irrespective of the fault resistance and fault inception
angle to verify the existence of Phase-A-to-C fault. For all three
considered fault resistance values, F,, and F_, values vary
within the same range which shows that the proposed method
has a minimal effect from fault resistance.
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Fig. 8 Variation of Fault Indices with Fault Inception Angle for Three Different
Fault Resistances for Phase A-C fault (a) Fas, () Fuc, (C) Fea, (d) Fta, (€) Fep, and
() Fac
Fig. 9 depicts the variation of fault indices for Phase-A-to-B

short circuit faults applied on the Line-LM between 10 % and



100 % of the line length. The fault inception angle was
incremented in 1-degree steps. Irrespective of the fault location,
indices F,. and F,. remains the two largest indices verifying
the existence of Phase-A-to-B fault irrespective of the fault
location

1.005

D0.995
B

0.985

0
0 60 120 0
(© (f)

Fig. 9 Variation of Fault Indices (a) Fas, (b) Foc, () Fea, (d) Fta, (€) Fen, and (f)
Fa with Location for Phase A-B fault

E. Identification of Phase-to-Phase-to-Ground Faults

Fig.11 depicts the variation of fault indices for Phase-B-to-
C-to-Ground short circuit faults applied on the Line-LM
between 10 % and 100 % of line length. The zero sequence
current component confirms it is a ground fault as shown in Fig.
10. Then F,, and F,, remains the two largest indices
irrespective of the fault location and the fault inception angle,
verifying the existence of a phase B-to-C-to-Ground fault.
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Fig. 10 Variation of Zero Sequence Current During Phase-B-C-G Fault
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Fig. 11 Variation of Fault Indices (a) Fas, (b) Foe, (C) Fea, (d) Fpa, (€) Fep, and (f)
Fac with the location for Phase-B-C-G fault.

F. Three Phase Faults

The variation of Three-Phase fault detection indices (|Fab-Foal,
|Foc-Feo|, and |Fea-Fac|) for a Three-Phase fault applied at 90 %
of the line length at three different fault resistances (0.01 Q, 100
Q, and 300 Q) is depicted in Fig. 12. The algorithm is capable
of identifying Three-Phase faults at least up to faults with 100
Q fault resistance irrespective of the fault inception angle.
Results not shown due to page limitation confirmed that the
algorithm is able to identify the three-phase fault irrespective of
the fault location up to 100 Q fault resistance.

At 300 Q fault resistance, the proposed algorithm fails to
identify the three-phase fault within an approximate fault
inception angle window of 100 degrees. This is due to the filter
transients introduced by the mimic filter at fault inception
angles where no decaying dc component is present. This can be
alleviated by blocking the index calculation for a specific time
period. However, this would come at the cost of speed.
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Fig. 12 Variation of Three Phase Detection Threshold with Increasing Fault
Resistance (a) |Fap-Fral, (b) |Foe-Feol, and (€) |Fea-Fac| for Three-Phase Faults
Applied at 90 % Line Length



G. Results for a System with IBR

To investigate the performance of the proposed method on a
system with IBR, the system shown in Fig. 3 (a) was modified
by replacing source 1 with a Type-IV 125 MW wind farm
model [17] and opening the line MN. For the grid-side
converter, the d-axis control mode was set to Vg control and
the g-axis control model was set to Q control mode with priority
set to I control during ride-through conditions. Whereas in the
machine side converter, the d-axis control mode was set to P
control and the g-axis control mode was set to V¢ control and
the priority was set to Iq control. The same threshold settings
and filter parameters defined in Section IV. A. were used in
the algorithm. Phase-to-Ground and Phase-to-Phase faults were
applied at 90 % of the length of Line-LM were applied with a
fault resistance of 50 Q. The index values for each fault type
are given in Table 9. The proposed algorithm was able to
correctly identify the faulted phases in the applied faults.

With line MN open, the fault current contribution from the
synchronous source was gradually reduced by changing the
source strength and the faulted phase selection performance for
a 50 Q line-ground fault at 90% of line L-M was evaluated
repeatedly. When the fault current is supplied predominantly
from the wind farm (i.e. the fault current contribution from the
synchronous source is less than 5%), the proposed method was
unable to correctly identify the faulted phases. This is due to
lack of significant incremental currents present in the faulted
phases as a result of the control actions of the IBR controls. This
is a limitation of the proposed method when protecting a radial

line fed only from an IBR.
TABLE 9 FAULT INDEX VALUES FOR EACH FAULT TYPE IN A SYSTEM WITH

IBR

Fault Fab Fbc Fca Fba Fcb Fac
AG 5.39 1.4 0.13 0.19 0.73 7.44
BG 0.14 8.26 0.87 7.17 0.12 1.1
CG 1.36 0.1 7.06 0.74 9.6 0.16
AB 1.02 21.2 0.05 0.98 0.05 21.63
AC 13.5 0.08 0.93 0.07 12.62 1.07
BC 0.076 0.96 13.73 13.13 1.05 0.073

V. CONCLUSIONS

This paper proposes a simple and novel faulted phase
selection scheme based on a set of indices determined using the
peak rate of change of incremental currents. The results show
that the proposed method is not affected by fault inception
angle, fault resistance, and fault location and is applicable for
both transposed and non-transposed transmission lines. The
proposed faulted phase selection scheme only requires three
threshold settings and is much faster than phasor-based faulted
phase selection schemes. The decision-making time which is
constrained by time window and filter delays is less than 6 ms.
Even though it is slower than transient-based methods the
proposed method is more reliable compared to transient-based
methods. However, the proposed method fails to operate
correctly in fault scenarios where the fault current is purely
supplied from IBRs due nonexistence of significant incremental
currents.
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