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Abstract—Fault ride through capability, a necessary mandate
by the grid codes for large-scale inverter-based resources (IBR),
prevent those from disconnection during faults in the networks.
The converter control actions in such plants can substantially
alter the network’s fault signature, causing conventional fault
type classifiers to maloperate at times. This work proposes a
design of an adaptive virtual impedance-based phase modifier,
which aligns the sequence currents obtained at relay bus with
the faulted path currents. Thus, the phase angles associated
with faulted path sequence currents, which always maintain a
distinct relationship for different fault types, are reconstructed
to identify fault type in IBR-connected lines. The technique
is evaluated under a broad set of fault conditions on IBR-
integrated 9-bus power system, modeled in PSCAD/EMTDC.
Simulation results confirm that the proposed method maintains
high classification accuracy across diverse fault conditions with
various IBR technologies. Comparative analyses highlight its
superior robustness and performance. A hardware prototype is
developed incorporating the proposed fault type classification
technique using Arduino UNO R4 Wi-Fi board interfaced with
MATLAB and tested with the simulated data.

Index Terms—Fault type classification, inverter-based re-
sources, line protection, faulted phase selection.

I. INTRODUCTION

ROWING environmental concerns have accelerated

the large-scale deployment of inverter-based resources
(IBRs) into high-voltage transmission networks [1]. To ensure
reliable operation of power systems dominated by variable
renewable generation such as solar and wind plants, converters
associated with these resources employ various advanced
control strategies. Grid codes further mandate fault ride-
through (FRT) capability, requiring IBRs to remain connected
even during network faults [2]. The inverter-driven control
actions significantly influence the faulted voltage and current
profiles, producing characteristics that differ from those of
conventional synchronous generation. These altered signatures
challenge existing protection schemes, making accurate fault
type identification increasingly critical [3]-[5]. Fault type
classification plays a vital role in several transmission-level
protection functions, including single-pole tripping and dis-
tance protection [6]. Considering the diversity of IBR control
techniques, varying grid code obligations, and system non-
uniformity, there is a clear need to reassess and enhance
current fault classification methodologies.
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Existing fault classification methods are reviewed by segre-
gating into four general categories.

A. Commercial relay algorithms

Conventional relays typically use phase-angle relationships
of sequence currents and voltages to identify fault types, and
they generally perform well in systems dominated by syn-
chronous generators [7], [8]. Variants include using negative
and zero sequence current angle differences or incorporating
superimposed sequence voltages for weak-infeed conditions.
However, these schemes assume system homogeneity and
struggle in IBR-rich grids where converter controls alter fault
signatures.

B. Data-driven approaches with/without signal processing

Machine-learning classifiers (like neural networks, fuzzy
logic, decision trees, and hybrid techniques) have been applied
for faulted phase selection using features extracted through
tools like wavelet transforms or S-transforms [9], [10]. Their
effectiveness is limited in IBR-dominated systems, where
obtaining large training datasets with changing fault patterns
due to converter-driven dynamics seems impractical.

C. Controller-Based Modifications

Some works propose modification in inverter controllers
(e.g., dual-current control) so that IBRs replicate synchronous-
generator fault behavior [11]. Such modifications, however, are
difficult to generalize across diverse IBR technologies, and
grid conditions.

D. Other Specialized Approaches

Waveform correlation—based time-domain techniques and
some advanced classifiers have also been proposed, but those
either require signals sampled at a very high rate or rely on
assumption like small voltage angle differences between buses
that do not hold for long transmission lines [12], [13]. System-
wide PMU-based approaches face communication delays that
make them unsuitable for fast protection [14].

In this work, a technique is proposed to design a vir-
tual impedance-based phase modifier for correct identification
of fault type in IBR-connected lines. Value of the virtual
impedance is controlled by the local voltage and current



measurements during fault, and adaptive to the fault and
system conditions. The phase modifier aligns the positive
and negative sequence currents measured at the relay bus
with the corresponding faulted path currents, which follows
a distinct phase-relationship for each fault type. The proposed
method is evaluated under diverse fault conditions, and in
the presence of different IBRs on the standard 9-bus test
system modeled in PSCAD/EMTDC. Its performance is found
consistently high and accurate. Comparative studies confirm
that the proposed method outperforms existing approaches. A
hardware prototype is developed incorporating the proposed
fault type classification technique using Arduino UNO R4
Wi-Fi board interfaced with MATLAB and tested with the
simulated data obtained from PSCAD.

II. PROPOSED FAULT TYPE CLASSIFICATION TECHNIQUE

The proposed fault type classification technique is presented
in this section in two steps. First, system-independent fault
zones are identified by analyzing the sequence networks for
different types of faults. Second step describes the design of
an adaptive virtual impedance-based phase modifier to drive
the local sequence currents to maintain the index following
fault zones correctly.

A. Formulation of phase selection zones

A grid-following IBR is typically modeled as a dependent
current source (I;ppr) in parallel with a variable impedance
(Zrpr) and can be transformed into an equivalent voltage
source model, as illustrated in Fig. 1(a). This equivalent form
may further be transformed to a fixed voltage source in series
with a variable impedance, as shown in Fig. 1(b), where
variations in the source are reflected as voltage drops across an
added virtual impedance included within Z;pr. A simplified
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Fig. 1. Equivalent model of IBR: (a) with variable source and impedance,

(b) with fixed voltage source and variable impedance.

two-bus system connecting an IBR to the grid is depicted in
Fig. 2. A fault is assumed to occur at a distance of = pu from
bus M with a fault resistance Rr. The grid is modeled using
a voltage source F¢ and an equivalent impedance Zg.

The corresponding sequence networks for different asym-
metrical faults are shown in Fig. 3, where Zrp represents
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Fig. 2. Two bus equivalent system integrating an IBR to grid.

the combined impedance of Z;pr and transformer impedance
Zrr. Subscripts ‘0°, ‘1°, and ‘2’ denote zero, positive, and
negative sequence components respectively, and R, repre-
sents the inter-phase arcing resistance. The negative sequence
network of the renewable plant is modeled as an open cir-
cuit, considering the inverter to be controlled in synchronous
reference frame with feed-forward control. The zero-sequence
network is constructed considering a dYg transformer config-
uration. Sequence quantities are computed using phase-A as
the reference for AG, BC, and BCG faults. Relations for fault
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Fig. 3. Sequence network for (a) AG, (b) BC and (c) BCG faults.

type classification are formulated below by analyzing sequence
networks for different types of faults.

1) For AG faults:: As in Fig. 3(a), the positive and negative
sequence currents in faulted path for AG faults are equal.
Superscript represents the reference phase for sequence com-
ponent calculation.

I'p = Iir M

Therefore, the relations between [z and Ior for AG faults
are expressed, as in (2).

L(Izr/Iir)= 0 2

2) For BC faults:: I, and Iop are in phase opposition for
BC faults (refer Fig. 3(b)).

L'y = —I3r 3

The relations between I; p and Isp for BC faults are presented

in (4).
L(I3p/Itp)= = “



3) For BCG faults:: As in Fig. 3(c), the sequence currents
in the faulted path for BCG faults are related by (5).

Itp = — (I3r + Igp) 5)

Homogeneity between negative and zero sequence impedance
angles in a transmission network results in I3 and [ to be
in same phase. Thus, I{; and I3, are considered almost in
phase opposition, similar to BC faults and the relation derived
in (4) remain valid even with ground involvement.

Sequence networks for any LG, LL and LLG fault remain
same as in Fig. 3, only the reference phase for calculating
sequence components changes. Phase-B is considered as the
reference for BG, CA, and CAG faults; and phase-C for CG,
AB, and ABG faults. Relations in (2) and (4) can be trans-
formed for other fault types following (6), where a@ = e’ -
[15].

Iip = Lip/a® = Iip/a and Ifp = Ip/a=Iip/a®  (6)
Following the consistency of the relations obtained in (2) and

(4) for any system conditions, the fault type classification
zones are presented in Fig. 4 [15].

a
===> e

© 8 a
) ‘1&@/ — 12

BC/ Al
BCG 45

N
[ o©

Fig. 4. System independent fault zones
B. Design of the virtual impedance-based phase modifier

Pure-fault positive and negative sequence networks for the
system in Fig. 2 are shown in Fig. 5 (a) and (b).

Fig. 5. Pure-fault (a) positive and (b) negative sequence network for the
system in Fig. 2

Applying current division principle in Fig. 5(a), pure-fault
positive sequence current at bus L (Al;) is obtained in (7).
(1—2) 271 + Zic

AhLp =hrx %
ZlRP+Z1TL+Z1G

)

Multiplying both sides with (—Z7 Ié p), (7) is rewritten in (8).

(1—2x)ZirL + Z1c

(—pr )AIlL = [11? X
e Zf};p + ZirL + Z1c

X (_ZfIJ;P) (8)
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Considering grid impedance to be homogeneous to the line
impedance, Z1; can be expressed in terms of Zipp with a
real-valued multiplier K. Applying this (8) is simplified in (9).

(1 —x+ K)ZlTL

AVlL:IU?X oF
ZlRP + ZITL + ZlG

< (—=Zp) 9

With some rearrangement of variables, (9) is rewritten in (10).
(-=AVip)
ZiTL Z%p

ij;P + Zirr + Zic

(10)

(1-—z+K)hr=

(1 — 2 4+ K) being a positive real value, it can be concluded
from (10) that a current (/;,) associating a phase angle same
to I;r can be observed to flow through a virtual impedance
(Z1v) when connected across a voltage, AV, with reverse
polarity (i.e. —AVip). I1, and Zyy are presented in (11).

Zir - Zthe

]11,:(1—1’4—[()[11«‘ and Z1V: oF
ZlRP + ZITL + ZlG

an

In order to obtain Zyy, Z7 };P is calculated by applying (12).

AV

Zihp = (12)

Grid being dominated by conventional synchronous genera-
tors, the equivalent impedance of the grid is assumed to remain
unchanged during initial period of faults with the situation just
before the fault. Applying the Thevenin equivalent estimation
approach available in [16], Z14 can be determined using three
consecutive voltage and current measurement sets at bus M,
obtained at different instances during prefault and send the
information to the relay bus before fault avoiding any time
delay in decision.

Most of the IBRs being controlled in positive sequence
reference frame with feedforward control do not generate any
negative sequence current. There Iop in Fig. 5(b) is fully
contributed by grid and can be expressed as in (13).

~Vor —Vor,

Lr = = 13
= (l—l‘)ZQTL—f—ZlG (1—$+K)ZQTL ( )
After a rearrangement, (13) is rewritten in (14).
—Vs
(1—$+K)IQF= 2L (14)
Z1TL

Similar to positive sequence, it can be concluded from (14)
that a current (I2,) associating a phase angle same to Iof
can be observed to flow through a virtual impedance (Zsy)
when connected across a voltage, V57, with reverse polarity
(i.e. =Var). I, and Zyy are expressed in (15).

Ly=(Q1—-2+4+K)Lr and Zov = Zi7L (15)

Note: If the IBR is controlled with dual-sequence controller
and injects negative sequence current in the system, the virtual
negative sequence impedance in such a case can be obtained
in similar way as explained for positive sequence component.



C. Implementation of the proposed approach

The steps involved in implementing the proposed fault type
classification technique is presented in Fig. 6. The equivalent
positive-sequence grid impedance Z1G is estimated using
local voltage and current measurements under prefault con-
ditions and is continuously updated until a fault is detected.
Upon fault detection, the relay checks the negative sequence
voltage and current components. If both quantities are found
to be negligible, the relay concludes that all three phases
are faulted. Otherwise, it calculates £ (12, /I1,) and compares
with the zones as mention in Fig. 4 to identify the fault type.
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Fig. 6. Overview of the proposed fault type classification approach.

III. RESULTS

Performance of the proposed phase selection method is eval-
uated on a 230 kV, 60 Hz, renewable integrated 9-bus system,
as shown in Fig. 7. System simulations are performed in the
PSCAD/EMTDC environment. Voltage and current phasors
are extracted using a one-cycle discrete Fourier transform with
a sampling rate of 3.84 kHz. A 200-MVA PV plant is inter-
faced to bus 3 through a grounded dYg transformer, and its
inverter operates in the synchronous reference frame with feed-
forward control near unity power factor. The proposed scheme
is additionally evaluated by substituting the PV plant with
Type-III and Type-IV wind farm models, tested individually.
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Fig. 7. Renewable integrated 9-bus test system.
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A. Performance evaluation with comparative assessment

The response of the relay located at bus 3 in Fig. 7 is
assessed for an AG fault applied at 5 s on line 3-9, at a
distance of 0.25 pu from bus 3 with a fault resistance of
0.582. As shown in Fig. 8, the conventional current-angle-based
classifier [7] estimates 5;r = —40°, which lies outside the
decision region of the 5;’ comparator of Fig. 4, resulting in
an incorrect fault-type decision. The voltage-based technique
in [7] similarly misclassifies the event, yielding (5{5 = 289,
which also falls beyond the AG identification zone illustrated
in Fig. 8. These observations highlight the limitations of
both methods. In contrast, the proposed classifier computes
5I+ = —0.9° following the procedure in Fig. 6, correctly
identifying the AG fault.
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Fig. 8. Relative angles for AG fault.

B. Performance evaluation with different types of IBRs

IBRs exhibit diverse control strategies and converter con-
figurations depending on the generation technology, leading
to notable variations in their fault-current contributions. The
proposed method sets the value of virtual impedance-based
phase modifier accordingly, that enables accurate fault-type
identification under varying IBR conditions. This capability is
demonstrated using the relay at bus 3 for faults on line 3-9.
The PV plant at bus 3 is successively replaced by a Type-III
and then a Type-IV wind farm. As illustrated in Fig. 9, the
conventional current-angle-based classifier yields (5;r values of
—168°, 58.5°, and 116.4° for an AG fault in the presence of
the PV source, Type-III wind farm, and Type-IV wind farm,
respectively—demonstrating how differing IBR characteristics
can cause misclassification. In contrast, the proposed approach
consistently places the computed relative angles within their
correct decision regions and accurately identifies the AG fault,
confirming its adaptability across diverse source types and
control schemes.

IV. HARDWARE PROTOTYPE IMPLEMENTATION

A laboratory prototype incorporating the proposed fault-
classification technique has been developed, as illustrated in
Fig. 10. Various fault scenarios are generated on the PSCAD-
based test system, and the corresponding voltage and current
waveforms are transferred to MATLAB. The proposed logic is
executed on an Arduino UNO R4 Wi-Fi board interfaced with
MATLAB using the Arduino GFX and SSD1306 libraries.
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Fig. 9. Performance evaluation of proposed method for different types of
CIRP with comparative assessment.

Fault indications are provided through dedicated LEDs for
each phase and ground, while an SSD1306 OLED display
presents the identified fault type along with the computed
relative angle used in the decision process. The prototype
demonstrates reliable and consistent performance.

INTERNAL COMPONENTS]

HOST P

Fig. 10. Experimental setup with hardware prototype.

V. CONCLUSION

Control actions within IBRs create substantial non-
uniformity in their fault-current contributions, which dimin-
ishes the reliability of conventional fault-classification meth-
ods that rely solely on local measurements. This work intro-
duces an adaptive, local measurement-based design of a virtual
impedance—based phase modifier framework that enables ac-
curate fault-type identification for lines connected to IBRs.
The method exhibits consistent performance across a wide
range of fault scenarios with different IBRs, highlighting its
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robustness. Comparative analyses confirm that the proposed
scheme achieves higher classification accuracy than existing
approaches. The successful operation of the hardware pro-
totype further supports the feasibility of implementing the
method in real-time protection systems.
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