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Abstract: Faulted phase identification is one of the segments of conventional system protection that is
severely vulnerable in the presence of inverter-based resources (IBR) such as Type IV wind and solar
PV power plants. The work presented in this paper investigates the effect of IBRs on the conventional
phasor-based faulted phase identification methods widely implemented in contemporary commercial
protection relays using theoretical analysis and simulation results. Moreover, this premise is further
validated by testing commercial line protection relays using hardware-in-the-loop simulations. This
paper also evaluates the applicability of recently proposed transients/incremental quantities-based
techniques to overcome the deficiencies of conventional methods to correctly identify the faulted
phase in systems with IBRs through real-time and control hardware-in-the-loop simulations. Com-
parisons with commercial relays show that transient/incremental quantities-based methods are more
suitable for systems with a high penetration of IBRs.

Keywords: faulted phase identification; inverter-based resources; wind power generation; relay
testing; transient based protection

1. Introduction

The past decade has seen exponential growth in renewable power generation around
the world, both on and offshore. Several key aspects of conventional power system
protection paradigms are vulnerable to the ever-increasing penetration of renewable energy
generation, particularly to those involving full-rated frequency converters such as Type
IV wind turbine generator (WTG) systems and solar PV systems [1–12]. These challenges
are discussed and investigated in both technical reports [1–3,9] as well as in power system
research [1–12] in general. The fault current characteristics and the factors that need to be
considered when analyzing fault currents from inverter-based resources and the solutions
to the challenges faced by traditional protection schemes are discussed in [1–3,9]. The
impact on power system protection by inverter-based resources is discussed in [4,11,13],
along with an analysis of some of the contemporary methods in [4]. An analysis of the
impact of the negative sequence component-based protection elements communicated by
assisted protection schemes and fault identification schemes has been carried out in [5]. This
analysis includes case studies on protection malfunction and recommends countermeasures.
A similar analysis was conducted in [10]. The impact on directional and distance elements
are analyzed in [7,8,12], respectively, along with some solutions to mitigate the impact.

A Type IV WTG system, for example, converts all its output power via a full-rated
AC-DC-AC frequency converter before connecting to the main grid. The dynamic behavior
of most of these inverter-based resources (IBR) is significantly different from conventional
synchronous generator-based power plants, particularly during faults. In a power system
protection study, a synchronous generator can be accurately represented by a voltage source
behind an impedance (typically using sub-transient values), and therefore, the currents
during a fault can also be accurately estimated. By contrast, the electrical characteristics of
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its power generator have little to no effect on the fault current contribution from a Type IV
WTG system. As mentioned above, Type IV WTG systems, due to their variable frequency
outputs, require power electronic converters to interface with the transmission system. The
control systems of these converters have a major bearing on the dynamic behavior of the
plants during disturbances and the short-circuit current contributions during faults [1,6,9].

Conventional phasor-based protection algorithms often exploit and rely on the fact
that the currents during faults invariably exhibit certain characteristics such as higher
magnitudes (than load currents), asymmetry (for asymmetrical faults), and predictable
phase angle relationships between the voltages and currents. In contrast, short circuit
currents from IBRs are lower in magnitude and do not exhibit a universal behavior. Reliance
on such assumptions compromises the reliability of conventional protection algorithms
in the presence of IBRs. In addition, weather conditions can introduce significantly large
and intermittent changes in IBR outputs, which further increases the vulnerability of
system protection.

Power system protection issues associated with high levels of wind penetration have
been well-studied in recent years while finding remedies to them still remains a popular
area of research in electrical power engineering [1–16]. In particular, negative sequence-
based schemes, protection elements supervised by current magnitudes, phase distance, and
directional elements are prone to mis operate due to IBR-induced phenomena [1]. However,
it is important to state that since there is no universally accepted behavior for IBRs at
present, their representation in power system studies and simulations is also not consistent.
Simulation models used for many studies are proprietary black-box-type models provided
by IBR manufacturers, which are often not readily available. The tests carried out with
such models are understandably not reproducible and can yield conflicting results.

The accurate identification of the faulted phase is an integral part of typical line
protection schemes and becomes particularly important when single-pole tripping is de-
sired [16–20]. Conventional faulted phase selection algorithms can also be vulnerable in the
presence of IBRs. This is mentioned as a potential issue in the relevant literature, although
it is not rigorously analyzed by most of them. The work conducted in [12] analyzes one of
the methods used for faulted phase selection and proposes an improved technique. It also
evaluates the performance of commercial relays under IBR currents, but it is unclear what
portion of the mis operation presented in the results directly results from inaccurate phase
selection. In addition, there are few studies on using fault-induced transients for faulted
phase selection [21–27]. However, the applicability of these techniques has not been tested
in the presence of IBRs.

To address the above-mentioned research gaps, this paper evaluates and compares
the performance of phase selection algorithms of contemporary relays and those newly
proposed in the literature in the presence of IBRs. The main contributions of this paper are
listed below.

1. Although there is a theoretical understanding of the reasons behind the phase selection
problems due to IBR penetration, the extent of the issue is not well understood. A
simulation-based analysis was carried out to validate the theoretical explanations and
demonstrate the deficiencies of conventional faulted phase identification algorithms
in the presence of IBRs.

2. The phase selection performance of commercial relays under the presence of IBR
is not well documented. Thus, a few samples of commercial relays were tested in
a hardware-in-the-loop (HIL) simulation setup using an electromagnetic-transient
(EMT) type digital real-time simulator (DRTS) to assess the performance and further
validate the theoretical premise.

3. Although alternative phase selection algorithms have been proposed in the recent
literature to overcome the deficiencies of conventional phasor-based techniques, most
of them are only verified by using offline simulations. In order to investigate the real-
time applicability of two such methods, transient-based and incremental quantities-
based faulted phase identification methods were implemented in hardware and tested
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using HIL simulations. The paper also highlighted practical considerations that
require special attention while implementing the transients-based algorithm in real
hardware.

4. A true direct comparison of the real-time performance of the commercial relays
and novel phase selection algorithms was lacking. Therefore, the performance of
traditional and transient/incremental quantities-based protection algorithms was
systematically compared under the presence of IBRs, leading to clear conclusions.

The rest of the paper is organized as follows. Section 2 presents a brief overview of
commonly used phase selection algorithms to explain why they are prone to mis operate in
the presence of IBRs and provides a comparison between simulated fault currents generated
by a conventional source and an IBR to consider their effect on conventional faulted phase
identification algorithms. Section 3 details the CHIL tests carried out with two commercial
line protection relays with results, which were conducted in order to validate the findings
in Section 2, the applicability of a transients-based phase selection algorithm was evaluated
under similar test conditions, and the results are presented along with those obtained
from the incremental quantities-based method. Section 4 follows with a brief discussion
and conclusions.

2. Theoretical Analysis of Contemporary Faulted Phase Selection Algorithms and the
Effect of IBRs
2.1. Contemporary Faulted Phase Selection Algorithms

Several different algorithms are used in contemporary power systems relaying for
faulted phase identification. These methods yield accurate results over a variety of sys-
tem conditions with conventional synchronous machine-based generation. Many relay
manufacturers use symmetrical component-based techniques for faulted phase identifica-
tion [16–19]. Different relay manufacturers use slightly modified versions of this method,
but all of its variants measure the phase angles between sequence currents and/or voltages
to determine the phase(s) involved in a fault. The key aspects of such relaying algorithms
are explained below.

In its most commonly implemented form, faulted phase identification using sym-
metrical components determines the phases involved in a fault based on the phase angle
signature of ‘Phase A’ sequence currents. The symmetrical component theory and the
boundary conditions at the fault dictate that the phase angle difference between ‘Phase
A’ negative and the zero sequence currents lies within the distinct regions depicted in
Figure 1a when the fault is one of two types indicated on the diagram. For example, the
angle difference between ‘Phase A’ negative and the zero sequence current phasors during
a bolted BG fault is theoretically −120◦. The same relationship holds true for a CAG fault.
A slightly different but distinct phase angle relationship also exists between the negative
and the positive sequence current phasors during ground faults, as shown in Figure 1b.

Various methods are employed to choose between the two possible fault types. One
such method is to choose the fault type with the lower reach from the corresponding
impedance element. This is based on the fact that the actual faulted loop would have a
much lower impedance estimation than the other [16]. For example, the AG impedance
element would yield a much lower reach than the BG or CG elements for an actual AG
fault. Some manufacturers measure the phase angle signatures of all three phases and use
a combined logic to single out the faulted phase 20. Certain other manufacturers combine
both phase angle signatures (α and β) to determine and verify the faulted phase. It is also
noteworthy that phase angle signatures of sequence voltages provide similar information
about the faulted phase and can be used in phase selection algorithms.
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Figure 1. (a) Angle difference between ‘Phase A’ negative and zero sequence current phasors during
bolted faults (i.e., α), (b) Angle difference between ‘Phase A’ negative and positive sequence current
phasors during bolted faults (i.e., β).

In addition to sequence components-based fault identification techniques, there exist
somewhat older methods that entirely rely upon impedance elements to determine the
faulted phase [16,19]. The method uses overreaching impedance zones to develop a phase-
phase-ground signal that supervises the respective zone 1 phase and ground elements while
issuing trip commands accordingly. A zero-sequence pickup signal is used to discriminate
between phase-phase-ground and phase-phase faults. A simplified schematic of the logic
used in this method is given in [19].

In addition, line differential relays typically employ phase-segregated differential
elements and determine the faulted phases based on the operated elements [11]. There are
other more sophisticated techniques that use transient and/or incremental quantities for
the faulted phase selection [21–28]. These approaches are typically faster than impedance-
based and sequence-component-based techniques. Two such techniques, one based on
transient components and the other based on incremental quantities, are presented in
Sections 3.2.1 and 3.2.2.

2.2. Effect of IBR on Faulted Phase Selection Techniques

The presence of IBRs poses significant challenges to conventional faulted phase identi-
fication techniques, particularly those that depend on the phase angle signature of sequence
currents, as mentioned in Section 2. There are a few major concerns. Firstly, certain IBRs
inject little to no negative sequence currents during faults (even for asymmetrical faults),
which may not be enough to activate the phase identification algorithms in relays [1]. Typi-
cally, control strategies for the grid side controllers of Type IV WTG and solar PV systems
suppress negative sequence currents under all conditions [1]. Even whatever little negative
sequence currents are available due to imperfections in the converter controls are uncon-
trolled and highly transient in nature. Thus, the phase angles of these negative sequence
currents not only fail to exhibit the same relationship with other sequence currents (as a
conventional source) but also vary with time. As a result, most sequence-component-based
faulted phase identification techniques are prone to miss-operations in the presence of IBRs
with full converter interfacing.

On the other hand, techniques that completely depend on impedance elements require
the fairly predictable operation of impedance elements. For example, one of the main
requirements of this method is that the overreaching phase-ground element that generate
the supervisory phase-phase-ground signal must operate before the zone 1 phase-ground
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elements. It has been shown that distance protection elements tend to produce unexpected
impedance trajectories and measurements in the presence of IBRs (such as Type IV wind
pants) [8]. This is of particular concern for certain types of fault conditions, such as
phase-to-phase faults with a fault resistance, where the effect of the fault resistance can be
greatly exaggerated and also become unpredictable and time-varying [8]. Therefore, a fault
identification technique based on impedance measurements can encounter problems when
used in systems with IBRs.

To demonstrate the differences between fault currents from a conventional source and
a Type IV WTG system and their effects on phase selection, the system given in Figure 2
was simulated in an EMT-type DRTS. The simulation was carried out for two cases, with
only one source connected at a time. In the first case, a conventional source was connected,
and it was represented as a voltage source behind an impedance.

Figure 2. Single line diagram of the power system model used for comparing a conventional source
and an IBR.

In the second case, the conventional source was replaced by a Type IV WTG model.
The WTG was modeled in the simulation as an averaged model using generic DQ frame
current controls. The LVRT (low-voltage ride-through) strategy and other peripheral
controls were based on the guidelines outlined in the IEC 61400-27-1 standard [29]. The
general behavior of the WTG model was verified with those available in the published
literature [1,2]. In both cases, the source was pushing 100 MW of active power at a unity
power factor to a remote grid (which is also represented as a voltage source behind an
impedance) via a short transmission line.

Figure 3 presents the phase currents, the magnitude of the sequence currents, and the
angle difference between ‘Phase A’ negative and zero sequence current phasors observed
at the relaying location (R) for each case, as indicated. The results shown are for a bolted
BG fault at the mid-point (50%) of the transmission line. Here, one can observe the stark
difference between fault currents produced by the conventional source and the WTG model.
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Figure 3. (a) Results for faulted phase selection for a BG fault at the mid-point of the line with the
conventional source. Results for faulted phase selection of a BG fault at the mid-point of the line with
the WTG model, (b) Results for faulted phase selection of a BG fault at the mid-point of the line with
the WTG model.

With the conventional source, there was a significant presence of all three sequence
currents, and the phase angle difference between ‘Phase A’ negative and zero sequence
currents was very close to−120◦ as expected. On the other hand, the fault currents observed
with the WTG were dominated by the zero-sequence current produced by the wind plant
transformer, which had a grounded star connection on the grid side. There was very little
negative sequence current, and the magnitude of the positive sequence current remained
more or less unchanged. In addition, the phase angle difference between ‘Phase A’ negative
and zero sequence currents highly fluctuated with time before eventually settling down
at an entirely different value from the theoretically expected −120◦. However, the phase
angle of the negative sequence current has little meaning in this scenario, as its magnitude
was very low.

The pickup signal from a simple phase selection logic based only on the angle dif-
ference between ‘Phase A’ negative and zero sequence currents is also given in Figure 3.
Understandably, the logic identifies the fault as a BG fault for the conventional source and
does not respond properly to the WTG.

To investigate the impact of IBRs on impedance-based fault type identification meth-
ods, the method shown in Appendix A was implemented in the DRTS environment, and its
performance was evaluated using the same methodology detailed above. The implemented
logic in the simulation yielded an accurate and dependable faulted phase identification for
the system with the regular voltage source, while it failed to produce accurate results when
the source was replaced by an IBR. However, purely based on the results of simulation
studies, this method produced better results than the sequence components algorithm
(it produced a correct fault identification for some fault types under certain conditions,
whereas the sequence components-based method failed in all scenarios).

It has been suggested that similar free-running phase identification methods can
be implemented using (high) current measurements, however, they too are not effective
against IBR-produced fault currents, which are low in magnitude and unpredictable. In
principle, the traditional line differential relays are not affected by the nature of fault
currents from IBR and generally perform correctly in systems with IBR [11].
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3. Testing and Analysis
3.1. Performance of Commercial Relays

As the next step, two commercial line protection relays were tested to further establish
the premise that the fault identification algorithms in relays were affected by the presence
of IBRs. Much of the literature related to protection issues caused by IBRs base their
work on simple relay functions developed in simulation environments, which can perform
differently than commercial relays deployed in the field. Therefore, it is important to
validate the predictions made based on theoretical analysis in laboratories using a setup
that closely replicates real-world scenarios. Moreover, the manuals of commercial relays
and other examples in the literature available to the public often do not contain some minor
but critical details of the internal relay algorithms, such as the sensitivity thresholds used
for validating signals. As a result, there is a possibility that real-world relays perform better
than theoretical expectations in all scenarios, and it is important to investigate and validate
this. A controller-hardware-in-the-loop test setup where commercial relays are interfaced
with a DRTS is well suited for this task.

3.1.1. Test Setup

For this test, a slightly more complex (remote) system was modeled, as shown in
Figure 4, to carry out tests in a more comprehensive manner. The WTG model was the
same as the one explained in Section 2.2, which was rated at 100 MW and pushed power
via a short 138 kV transmission line. The remote end of this line was connected to a 230 kV
grid through a transformer and an adjacent transmission system. A conventional power
source (a synchronous generator) was connected to the remote bus (Bus 2) via another
short transmission line, as depicted in Figure 5. Both line protection relays were tested in a
CHIL setup and realized using a DRTS. An abstract schematic of the test setup is presented
in Figure 5.

Figure 4. Single line diagram of the power system model used for testing commercial relays.

Figure 5. Schematic of the test setup.
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As shown in Figure 5, the power system was simulated in the DRTS, and both line
protection relays were interfaced using low-energy analog signals and the relay’s dry
contacts. High-resolution digital waveforms (secondary voltage and current transformer
outputs) generated in the simulation were converted to low-energy analog voltage signals
(<±10 Vpp) by the analog output card of the DRTS, which were then fed to a low-level
test interface of the relays. Scaling factors for the analog output card were accurately
determined in order to provide precise low-level voltages to the low-level test interface of
the relays under test.

Note that the two relays were connected to the test setup one at a time and tested
independently. The transmission lines were modeled using Bergeron’s line models. The
positive sequence and zero sequence impedances of Line 12 were 11.3∠87.22◦ Ω and
38.38∠73.58◦ Ω, respectively. The current transformers (CT) and voltage transformers (VT)
were also modeled using the standard library components available in the DRTS’s software
suite. The synchronous generators were also modeled using the standard library component
with typical parameters. However, note that the synchronous generator connected at Bus 1
was kept disconnected for the first part of the experiments. The remote AC network was
modeled as Thevenin’s equivalent with a 230 kV source and an impedance of 20∠87◦ Ω. A
50 µs simulation time step was used for all simulations. Both relays were configured as
distance protection relays looking into Line 12 at Bus 1 (R in Figure 5), with zone 1 enabled
as a direct tripping element with an 80% reach. The faults of different types were applied
along the length of Line 12.

3.1.2. Test Results and Discussion

Tables 1 and 2, respectively, present the faulted phase identification results for low-
impedance faults (Rf = 0.01 Ω) and high-impedance faults (Rf = 50 Ω). The fault inception
angle was fixed at 0◦. When considering the two relays, Relay 2 failed to identify the faulted
phases in all test cases. Additionally, Relay 2 failed to detect phase-to-ground faults as well.
However, for other types of faults, Relay 2 issued a three-phase trip signal irrespective of
the type of short circuit fault applied. In comparison, Relay 1 identified a number of faults
for all types.

Table 1. Fault type identification of relays for low impedance faults.

Applied Fault Fault Type Identification

Type Location Relay 1 Relay 2

AG
5% Unreliable Does not identify *

50% Unreliable Does not identify *
75% Unreliable Does not identify *

BC
5% BC Does not identify *

50% BC Does not identify *
75% BC Does not identify *

ACG
5% ACG Does not identify *

50% ACG Does not identify *
75% ACG Does not identify *

* The relay issues a three-phase trip signal.

Moreover, Relay 1 failed to detect the existence of a fault in most phase-to-ground
faults. However, even when a fault was detected, Relay 1 was unable to correctly identify
the faulted phase in phase-to-ground faults. In addition, both Relay 1 and Relay 2 failed to
detect faults under high-impedance fault scenarios. Table 3 summarizes the performance
of the two commercial relays for various ground and non-grounded faults. Both low
impedance (short circuit) and high impedance faults were applied at three fault locations
(at 5%, 50%, and 75% of the line length) while varying the fault inception angle from 00 to
180◦ in one-degree steps.
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Table 2. Fault type identification of relays for high impedance faults.

Applied Fault Fault Type Identification

Type Location Relay 1 Relay 2

AG
5% Does not identify Does not identify

50% Does not identify Does not identify
75% Does not identify Does not identify

BC
5% Does not identify Does not identify

50% Does not identify Does not identify
75% Does not identify Does not identify

ACG
5% Does not identify Does not identify

50% Does not identify Does not identify
75% Does not identify Does not identify

Table 3. Overall performance of relays for various fault types.

Applied
Fault

Number of
Cases Correct Identification Accuracy (%)

Relay 1 Relay 2 Relay 1 Relay 2

AG 1086 261 0 24.03 0
BG 1086 373 0 34.34 0
CG 1086 275 0 25.32 0

Total 3258 909 0 27.9 0

ABG 1086 464 0 42.72 0
ACG 1086 540 0 49.72 0
BCG 1086 542 0 49.90 0
Total 3258 1546 0 47.45 0

AB 1086 543 0 50.0 0
AC 1086 543 0 50.0 0
BC 1086 543 0 50.0 0

ABC 1086 543 0 50.0 0
Total 4344 2172 0 50.0 0

As can be seen from the results presented in Tables 1–3, both commercial relays do
not reliably identify the faulted phase for IBR-generated fault currents. In particular, it was
observed that the faulted phase identification for the phase to ground faults was not only
incorrect (in most cases), but also the results were not reproducible with consistency when
the same tests were repeated. This deficiency of existing relaying algorithms is of particular
importance, considering the fact that correct faulted phase identification is imperative for
the reliable use of single-pole tripping during single line-to-ground faults.

Both relays used in the experiment employed the principle of phase angle signatures
of sequence currents to determine the faulted phases. However, the two relays use different
methods for singling out a faulted phase(s) from two or more possibilities. One relay
uses the phase angle signatures of all three phases and applies logic to single out the
faulted phase, while the other uses both phase angle signatures (α and β) to determine and
verify the faulted phase, as described in Section 2. However, it is difficult to attribute the
differences in the performance of the two relays for low impedance faults to this aspect
alone, as implementation details such as various internal checks and the thresholds used to
verify the signals and decisions can also contribute to the different behavior exhibited by
two relays.

Another observation made during the relay testing was the differences between the
accuracies in Relay 1 for the different fault types. This can be attributed to several factors.
Firstly, different fault types produce different system conditions (for example, voltages at
the IBR bus vary depending on the fault type), which in turn can yield different responses
from the IBR controls (for example, the behavior of the LVRT controls). Secondly, the
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sensitivity of relay algorithms to different types of faults might be different, resulting
in varying accuracies. Further analysis of the relay data obtained from Relay 1 showed
that the trip signals and phase identification signals issued by Relay 1 were transient in
nature (relay pickup signals were issued transiently). Therefore, the accuracy percentages
obtained from this test only provide a general idea about the relay’s behavior and not a
conclusive quantitative account of their performance. Moreover, it further underlines the
unpredictable behavior of conventional relays in the presence of IBRs.

The results obtained from testing the commercial relays show that the fault type
identification functions in the relays are severely affected by the presence of IBRs. In
an attempt to add another dimension to this study, the minimum penetration level of
the synchronous generation to successfully operate the fault identification algorithms of
commercial relays was investigated.

The power system model used for previous tests was modified by connecting a small
synchronous generator (shown as a dashed line in Figure 5) to the WTG bus (Bus 1). Starting
from 10 MVA, the synchronous generator’s apparent power was increased while applying
short circuit faults at 5% of the length of the protected line. Phase-A-to-ground, phase-B-
to-C-to-ground, and phase-A-to-C faults were applied, and Table 4 presents the results
obtained from these tests. When the synchronous generator power level was set to 10 MVA,
the performance of Relay 2 improved compared to the WTG-only case. Relay 2 started to
identify the phase-A-to-ground fault correctly, while the phase-B-to-C-to-ground fault and
phase-A-to-C fault were still identified as three-phase faults. As shown in Table 1, when
there was no synchronous generator connected to Bus 1, Relay 2 did not identify the faulted
phases for all the applied faults. On the other hand, Relay 1 did not show any improvement
at a 10 MVA power level compared to the WTG-only case. At the 15 MVA power level,
Relay 1 started identifying the fault type for all three types of faults applied at different
fault inception angles. Relay 2 also showed some improvement by correctly identifying
both phase-A-to-ground and phase-A-to-C faults. When the synchronous generator power
level was increased to 20 MVA, both relays started to identify the faulted phases accurately
for all the faults applied. Based on these results, it can be said that approximately 20% of
the synchronous generation was required for accurate fault type identification in typical
commercial relays when operating with IBR penetration.

Table 4. Fault type identification of relays with added synchronous generation.

Synchronous Generator Apparent Power Applied Fault
Fault Type Identification

Relay 1 Relay 2

10 MVA
AG Unreliable AG

BCG BCG ABC
CA CA ABC

15 MVA
AG AG AG

BCG BCG ABC
CA CA CA

20 MVA
AG AG AG

BCG BCG BCG
CA CA CA

3.2. Transient-Based and Incremental Quantity-Based Fault Classification Schemes

In this section, two novel fault classification algorithms, one based on transient quanti-
ties and the other based on incremental quantities, are examined.



Energies 2023, 16, 640 11 of 21

3.2.1. Transient Based Faulted Phase Selection Algorithm

A transient-based fault classification scheme has been proposed in 21 to overcome the
drawbacks faced by the traditional phasor-based faulted phase identification algorithm.
Fault-induced transients are generated as a result of the sudden discharge of line charges at
the fault location. These transient waves propagate along the line at a velocity close to the
speed of light, and they contain information about the fault type, location of the fault, and
fault inception angle. Figure 6 presents the band-pass filtered three-phase currents from a
conventional source and a WTG system for the same fault. The filtering is performed using
a lower cutoff frequency of 1 kHz and an upper cutoff frequency of 2 kHz. Compared to
the fundamental frequency components (as observed in Section 3), the effect of the type of
the source is minimal on the transient current waveforms. This is particularly true during
the initial time period until the current waveforms begin to distort as reflected waveforms
start to reach the relaying point. This source-independent nature of the fault-induced
transients helps to overcome the disadvantages faced by the phasor-based faulted phase
selection algorithms.

Figure 6. Band-pass filtered phase currents for an AB fault at 5% of the line with a conventional
source and a Type IV WTG system.

Even though fault-induced transients are independent of the type of source, a simple
magnitude comparison-based algorithm does not provide a reliable solution since the
strength of the fault-induced transient is dependent on many factors. Therefore, an algo-
rithm based on systematic logic is required to accurately identify the faulted phases. The
transient-based fault classification scheme proposed in 21 is one such systematic algorithm
that has been developed to overcome the drawbacks faced by the traditional phasor-based
faulted phase identification algorithms and existing transient-based faulted phase selection
algorithms. The proposed method uses seven current components obtained from the mea-
sured three-phase instantaneous currents through the transformation given in (1): which is
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based on Clarke’s transformation. The currents, and are the instantaneous phase current
band-pass filtered to remove the fundamental components and high-frequency content.
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Upon detecting a fault, nine fault discrimination indices are computed, taking different
ratios of the maximum rates in the change in current (ROCOC) of these filtered current
components. More details of the rationale and definitions of these indices can be found
in [21]. The process of identifying the fault type and faulted phases are summarized
in Figure 7.

Figure 7. Schematic of the transient-based fault classification scheme.

There are three stages in the proposed algorithm. The first stage identifies the ground
faults from the ungrounded faults. The next stage identifies the fault type (phase-to-ground,
phase-to-phase-to-ground, phase-to-phase, and three-phase). In the third stage, the faulted
phases are identified upon identifying the fault type. The core algorithm is summarized
in Appendix B for reference. There are three threshold settings in the proposed algorithm.
The first threshold setting, k0, is used to identify the ground faults from the ungrounded
faults. Threshold setting k1 is used to identify the fault type, and the k2 threshold setting
is used to identify the faulted phase in the phase-to-ground and phase-to-phase faults.
The faulted phases in phase-to-phase-to-ground faults are identified by comparing the
magnitudes of the calculated indices. The accuracy of the algorithm has been verified
by detailed EMT simulation studies in [21]. The method has shown promising results in
accurately identifying the faulted phases in phase-to-ground faults.

3.2.2. Incremental Quantity Based Faulted Phase Classification

The incremental quantity-based faulted phase classification scheme presented in [28]
was proposed as a solution to the difficulties faced by conventional faulted-phase classifica-
tions. This method relies on the phase angle signatures outlined in Section 2 to determine
the fault type similar to the conventional sequence components based on the faulted-phase
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selection algorithms but uses estimated phase angles of the sequence currents in faulted
loops and using the pure fault sequence impedances of the IBR during a fault. The algo-
rithm uses incremental values of the local current and voltage measurements during the
fault to determine pure fault sequence impedances and uses them to calculate the phase
angles of the sequence currents. If the negative sequence current is not available during an
asymmetric fault, the negative sequence voltage is used to calculate the negative sequence
angle. A summary of equations used to estimate the phase angles of the sequence currents
in this phase selection algorithm is given in Appendix B. For the theoretical background of
the proposed method, please refer to the reference [28].

3.2.3. Test Setup and the Implementation of Algorithms

In an attempt to evaluate its performance with respect to commercial relays, the
transient-based algorithm was tested using a test setup similar to the one used to test
the commercial relays, as explained in Section 4. The method proposed in [21] was im-
plemented as a real-time process on a different DRTS unit, as depicted in Figure 7. The
algorithm, which was also developed using standard library components, received in-
stantaneous current and voltage measurements as IEC 61850-9-2 LE sampled values (SV)
from the original DRTS unit simulating the power system [30–32]. A schematic of the
setup for testing the transient-based scheme is given in Figure 8. Note that the two DRTS
units were independent and connected only through an external, real communications link
that served as the IEC 61850 process bus [30–32]. In addition, the simulation time step of
both DRTS units was synchronized to a common GNSS (global navigation satellite system)
time reference.

Figure 8. Schematic of the setup for testing transient-based scheme.

IEC 61850-9-2 LE SV, published by the network interface card of the DRTS unit 1
(simulating the power system), was directed through a local area network (LAN) to DRTS
unit 2, which ran the transient-based phase selection algorithm. The SV packets were
published at a sampling rate of 256 samples per cycle (s/c), which translated to a sampling
frequency of 15.36 kHz with a system nominal frequency of 60 Hz. The merging unit was
modeled assuming an analog to digital (A/D) converter bit resolution of 24 bits. Anti-
aliasing filters of the merging unit were modeled as the sixth-order low-pass Butterworth
filters with the cutoff frequency set to half of the sampling frequency of 15.36 kHz. The
lower and upper cutoff frequencies of the band-pass filter used in the phase selection
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algorithm [21] were adjusted to 2.5 kHz and 3.5 kHz, respectively. Moreover, the threshold
settings k0, k1, and k2 were set as 0.05, 25, and 10, respectively. DRTS unit 2 decoded and
fed the measurements in the subscribed SV to the transient-based phase selection algorithm.
Upon identifying the fault type, the transient-based algorithm initiated a GOOSE message
that carried the faulted phase information from DRTS unit 2 to DRTS unit 1 [33]. In order
to increase the resolution of the voltage and current measurements fed to the algorithm,
smaller SV channel scale factors than the ones defined in the standards IEC 61850-9-
2LE/IEC 61869-9 were used. Lowering the scale factors enabled better utilization of the
32-bit representation of values used in the SV communication for this particular application,
where the measurement resolution was of a higher significance than the dynamic range.

In order to provide a comparison of the transient-based faulted phase classification
scheme, the incremental quantities-based phase classification scheme proposed in 33 was
also implemented in the DRTS environment. Compared to the transient-based method, the
incremental component-based method requires a lower sampling rate. The incremental
quantities are computed using the sequence component phasors. The algorithm presented
in Appendix C was implemented using standard DRTS library components. Upon comput-
ing the incremental quantities, the sequence current angles were determined as outlined in
Appendix C to identify the fault type.

3.2.4. Test Results and Discussion

The power system model used to test the transient and incremental component-based
schemes was identical to the one used to test the commercial relays (only the WTG was at
Bus 1). The same fault was applied several times in each test case to verify the reliability of
the algorithm. The results are summarized in Tables 5 and 6.

Table 5. Fault type identification of transient/incremental quantities-based faulted phase identifica-
tion algorithms.

Applied Fault Fault Type Identification
(Transient-Based)

Fault Type Identification
(Incremental Quantities-Based)

Type Location Bolted Fault High Impedance Fault Bolted Fault High Impedance Fault

AG
5% AG AG AG AG

50% AG AG AG AG
75% AG AG AG AG

BC
5% BC BC BC BC

50% BC BC BC BC
75% BC BC BC BC

ACG
5% ACG ACG ACG ACG

50% ACG ACG ACG ACG
75% ACG ACG ACG ACG

The results, shown in Tables 5 and 6, show that the transient-based algorithm was
able to identify the faulted phases accurately in almost all the test scenarios apart from a
few phase-to-phase-to-ground faults. This is a drawback of this transient-based algorithm
which has been pointed out by the authors in [21]. However, this does not affect the final
trip signal since it does not identify phase-to-phase-to-ground faults as phase-to-ground
faults, unlike the two commercial relays.

Table 6 shows the overall performance of the transient-based algorithm for various
fault types. Similar to the commercial relay tests, both short circuit and high impedance
faults were applied at three different fault locations (5%, 50%, and 75% of line length)
while varying the fault inception angle from 0◦ to 180◦ in one-degree steps. Compared to
the commercial relays, the current transient-based method identified the fault type with
an accuracy of more than 95% for most fault types. As mentioned above, this method
has a lower accuracy in identifying the faulted phases of phase-to-phase-to-ground faults
compared to other fault types. However, even in this scenario, the transient-based method
delivered a higher accuracy (over 70%) than the commercial relays, which yielded an



Energies 2023, 16, 640 15 of 21

accuracy below 50%. In addition to delivering a higher accuracy compared to commercial
relays, the transient-based scheme was capable of identifying the faulted phase within 1 ms
of fault inception. Furthermore, the average round trip time of the test loop (including the
GOOSE/SV message transfer times) was approximately 4 ms.

Table 6. Overall performance of transient-based and incremental component-based faulted phase
identification algorithms.

Applied
Fault

Number
of Cases

Transient Based Method Incremental Component
Based Method

Correctly Identified
Cases

Accuracy
(%)

Correctly Identified
Cases

Accuracy
(%)

AG 1086 1062 97.79 1086 100
BG 1086 1067 98.25 1086 100
CG 1086 1062 97.29 1086 100

Total 3258 3191 97.94 3258 100

ABG 1086 796 73.29 1086 100
ACG 1086 813 74.86 1086 100
BCG 1086 811 74.67 1086 100
Total 3258 2420 74.28 3258 100

AB 1086 1079 99.36 1086 100
AC 1086 1080 99.44 1086 100
BC 1086 1080 99.45 1086 100

ABC 1086 1028 94.66 1086 100
Total 4344 4267 98.22 4344 100

The same number of faults given in Tables 5 and 6 was applied to test the incremental
component-based method. Compared to the commercial relays, the incremental component-
based method was able to identify the faulted phases of all the faults applied, even for the
high-impedance faults. The results are shown in Table 6.

Compared to the transient-based method, the incremental component-based method
has better accuracy while requiring a lower sampling rate (3.84 kHz) [28]. However, this
advantage comes at the expense of operating speeds. The incremental component-based
method may take up to 10 ms [28] to identify the faulted phases, whereas the transient-
based method makes the decision within 1 ms. Therefore, a compromise needs to be made
between speed, accuracy, and computational efficiency when selecting the best method to
be implemented.

4. Conclusions

The challenges of identifying the faulted phase using conventional phasor-based tech-
niques in the presence of IBRs were investigated. First, theoretical reasoning was provided
to explain the deficiency of conventional phase selection techniques, with verifications by
EMT simulations. Two commercial relays were tested in a CHIL setup using a DRTS, where
a power system with an IBR was simulated. The observed results were in agreement with
the aforementioned theoretical reasoning and simulation results. Moreover, when the fault
currents consist of contributions from a mix of conventional power generation and IBRs, a
certain minimum level of conventional generation, approximately 20%, was required to
ensure the correct operation of the faulted phase identification algorithms in relays.

Two methods that were recently reported in the literature to alleviate the issues caused
by IBRs in faulted phase classifications were investigated. These two methods were based
on transient currents and incremental quantities, respectively. The results indicated that
both methods, in comparison to phasor-based techniques, have the potential to deliver
significantly more accurate results for faulted phase identification in the presence of IBRs.
The incremental component-based method has a better performance compared to the
transient-based method even in identifying faulted phases in phase-to-phase-to-ground
faults. However, from a practical perspective, both methods would work accurately since
the transient-based method accurately identify the phase-to-phase-to-ground fault type
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from other fault types, even though it had lower accuracy in identifying the phases involved
in phase-to-phase-to-ground faults. Therefore, the use of transient/incremental quantity-
based methods is more suitable for systems where a higher faulted-phase selection accuracy
is required, such as those with high penetration IBRs, and implement single-phase tripping.

Even though the transient-based method implemented in this paper is capable of
operating with relatively low computational resources, most of the transient based methods
require a higher sampling rate to operate accurately. The incremental component–based
method requires a lower sampling rate compared to the transient-based method inves-
tigated in this paper. However, the low sampling rate requirement of the incremental
component-based method comes at the expense of slower operating times. In general, the
computational requirements of conventional methods (sequence components or impedance-
based) would be lower than those of more sophisticated methods such as transients or
incremental quantities-based algorithms.

Author Contributions: Conceptualization, S.K. and A.R.; methodology, S.K. and J.W.; software, S.K.
and J.W.; validation, J.W.; formal analysis, S.K. and J.W.; investigation, S.K.; writing—original draft
preparation, S.K. and J.W.; writing—review and editing, A.R.; visualization, J.W.; supervision, A.R.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: The data are available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A. Use of an Overreaching Impedance Zone for Phase Identification

Figure A1 presents the logic of the impedance-based phase identification method
implemented in Section 2. Here, the supervising phase-phase-ground (ΦΦG) signal is
produced using two overreaching phase-ground impedance zones. This compound signal
is then used to block or release respective ground or phase elements, respectively.

Figure A1. Logic diagram of the implemented impedance-based phase identification technique [19].
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Appendix B. Transient Based Faulted Phase Identification Algorithm

After bandpass filtering the transformed current components obtained from (1), nine
fault classification indices can be defined considering their peak rate of change in currents
(ROCOC) observed immediately after the fault inception as shown in (A1)–(A3), where X
(∈ A, B, C) is the reference phase. The cutoff frequencies of band pass filter are selected to
remove the power frequency signal components and noisy high frequency components.
The maximums of the respective time derivatives are obtained within a short time window
to avoid the effect of reflected secondary current waves. For more information about the
signal processing involved in the method, please refer reference [21].

Gγ
αX = max

(∣∣∣∣diγ(t)
dt

∣∣∣∣)/max
(∣∣∣∣diαX(t)

dt

∣∣∣∣) (A1)

GαX
βX

= max
(∣∣∣∣diαX(t)

dt

∣∣∣∣)/max
(∣∣∣∣diβX(t)

dt

∣∣∣∣) (A2)

GβX
αX = max

(∣∣∣∣diβX(t)
dt

∣∣∣∣)/max
(∣∣∣∣diαX(t)

dt

∣∣∣∣) (A3)

Using the indices defined in (A1)–(A3), the conditions are given in (A4)–(A6), re-
spectively can be defined to identify the: (i) Ground faults from ungrounded faults, (ii)
Phase-to-Ground faults from Phase-to-Phase-to-Ground faults, and (iii) Phase-to-Phase
faults from Three-Phase faults.

i f
{(

Gγ
αA > k0

)
&
(
Gγ

αB > k0
)
&(Gγ

αC > k0)
}

: ground fault

else : ungrounded or three− phase fault
(A4)

i f
{(

GαA
βA

+ GαB
βB

+ GαC
βC

)
> k1

}
: phase− to− ground fault

else: phase− to− phase− to− ground fault
(A5)

i f
{(

GβA
αA + GβB

αB + GβC
αC

)
> kn

}
: phase− to− phase fault

else: three− phase fault
(A6)

After determining the fault type, faulted phase selection is carried out using the same
indices. The criteria to identify the faulted phases are given in (A7)–(A9).

Phase− to−Ground faults :

i f
{(

GαA
βA
≥ k2

)
&
(

GαB
βB

< k2

)
&
(

GαC
βC

< k2

)}
: A g fault

else i f
{(

GαB
βB
≥ k2

)
&
(

GαA
βA

< k2

)
&
(

GαC
βC

< k2

)}
: B g fault

else i f
{(

GαC
βC
≥ k2

)
&
(

GαA
βA

< k2

)
&
(

GαB
βB

< k2

)}
: C g fault

(A7)

Phase− to− Phase faults :

i f
{(

GβA
αA < k2

)
&
(

GβB
αB < k2

)
&
(

GβC
αC ≥ k2

)}
: A− B fault

else i f
{(

GβA
αA ≥ k2

)
&
(

GβB
αB < k2

)
&(GβC

αC < k2)
}

: B−C fault

else i f
{(

GβA
αA < k2

)
&
(

GβB
αB ≥ k2

)
&(GβC

αC < k2)
}

: C−A fault

(A8)
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Phase− to− Phase− to−Ground faults :

i f (GαA
βA

> GαC
βC
)&(GαB

βB
> GαC

βC
) : A− B g fault

else i f (GαB
βB

> GαA
βA
)&(GαC

βC
> GαA

βA
) : B−C g fault

else i f (GαC
βC

> GαB
βB
)&(GαA

βA
> GαB

βB
) : C−A g fault

(A9)

Phase selection logic diagrams are shown in Figures A2–A5. For more information
about the threshold settings, setting the time window and selecting the filter frequencies
please refer reference [21].

Figure A2. Fault type identification [21].

Figure A3. Phase-to-Phase faults identification [21].
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Figure A4. Phase-to-Ground fault identification [21].

Figure A5. Phase-to-Phase-to-Ground fault identification [21].

Appendix C. Incremental Quantity Based Phase Selection Algorithm

The incremental quantity-based phase selection algorithm proposed in [28] calculates
the positive, negative and zero sequence current phase angle using positive, negative
and zero sequence incremental currents and the respective pure fault source sequence
impedances of the IBRs.

The pure fault sequence impedance of the IBR source impedance is calculated using
(A10):

ZS(0,1,2) =
Vpre(0,1,2)−Vf ault(0,1,2)
I f ault(0,1,2)−Ipre(0,1,2)

ZS(0,1,2) − Pure f ault sequence impedance o f the IBR

Vpre(0,1,2), Vf ault(0,1,2) − Pre and post f ault sequence voltage

Ipre(0,1,2), I f ault(0,1,2) − Pre and post f ault sequence current

(A10)

Positive sequence current angle can be calculated using (A11)

arg(I1) = arg
((

1 + Zs1
Z1L

)
∆I1

)
Z1L− Line positive sequence impedance

∆I1− Positive sequence incremental current (∆I1 = I1 f ault − I1pre f ault)

(A11)

Negative sequence current angle can be calculated using either (A12) or (A13)
If negative sequence current is not available:

arg(I2) = arg
(

V2
Z2L

)
− π

Z2L− Line negative sequence impedance

V2 − Negative sequence incremental voltage

(A12)
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If negative sequence current is available:

arg(I2) = arg
((

1 + ZS2
Z2L

)
∆I2

)
∆I2− Negative sequence incremental current

(
∆I2 = I2 f ault − I2pre f ault

) (A13)

Zero sequence current angle can be calculated using (A14)

arg(I0) = arg(∆I0)

∆I0− Zero sequence incremental current
(

∆I0 = I0 f ault − I0pre f ault

) (A14)

Upon calculating the relevant phase angles, the calculated phase angles are fed into
the traditional current angle phased fault classification algorithm. For further information,
please refer reference [28].
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