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Abstract

This paper presents an evaluation of a-plane-based line dif-
ferential protection when applied to power systems with
high penetration of inverter-based resources (IBRs). A de-
tailed electromagnetic transient model of the test system
was developed in PSCAD/EMTDC. Fault scenarios consid-
ering different fault resistances and locations, fault types,
and sampling frequencies were evaluated. The measured
current signals were used as inputs to assess the perfor-
mance of the a-plane-based line differential protection,
considering both the non-adaptive and adaptive implemen-
tations. Based on the results, the analysis identifies fault
conditions under which line differential protection schemes
exhibit performance limitations in inverter-dominated net-
works. Particular emphasis is placed on single-phase-to-
ground, two-phase-to-ground, and three-phase-to-ground
fault scenarios. The results offer valuable insights into
the interaction between IBR dynamics and a-plane-based
line differential protection, highlighting key challenges re-
lated to reduced fault-current levels, transient behaviour,
and measurement uncertainties. Based on these findings,
this paper provides guidance on the design, implementa-
tion, and configuration of modern line differential protec-
tion schemes for power systems with high penetration of
IBR.

Key words: Inverter-based resources, Power system pro-
tection, Fault Analysis, Line differential protection.

1. Introduction

The integration of IBRs affects the performance and relia-
bility of conventional protection schemes. Furthermore, the
IBRs fault behaviour, influenced by internal control mech-
anisms, complicates the detection and coordination of pro-
tection systems originally designed for networks dominated
by synchronous generators. This may result in protective
relays failing to operate correctly during fault conditions or
operating inappropriately, thereby compromising the sensi-
tivity and stability of protection systems [1,2]. Line dif-
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ferential protection also faces challenges in conventional
power networks, including synchronisation issues, cyber-
security concerns, capacitive effects, loading conditions,
weak-infeed conditions, and power-line-related issues [2].

1.1 State of art

Mainly, grid-following inverters rely on the power net-
work to establish voltage and frequency references through
phase-locked loops (PLLs). During disturbances and fault
conditions, this characteristic may induce oscillations and
grid control interaction phenomena that degrade system sta-
bility and alter the electrical quantities measured by protec-
tion devices [3,4]. Consequently, conventional relays may
experience coordination failures, unwanted tripping, or in-
sensitivity to internal faults, due to the limited fault current
contribution of IBRs and the harmonic distortions associ-
ated with converter control [1, 2]. Several adaptive line
protection strategies have been developed for overcurrent,
distance, and differential schemes. Optimisation-based ap-
proaches have been reported to adjust pickup currents and
coordination times in order to preserve selectivity under
variations of the IBRs fault current contribution for direc-
tional overcurrent protection [5]. However, distance protec-
tion may be limited in weak infeed scenarios, for example,
when a line connects a strong source at one end and a weak
or renewable-based source at the other. Under such con-
ditions, the apparent impedance may shift and fall outside
the predefined operating zones [6]. Considering the limi-
tations of overcurrent and distance approaches, line differ-
ential protection (ANSI 87L) stands out by comparing cur-
rents at both terminals, which provides high effectiveness
for internal faults and selectivity under external fault con-
ditions. Nevertheless, in systems with IBRs, its reliability
may be degraded by disturbances in unfaulted phases and
by the low-impedance zero-sequence paths in transformers.
These effects impair phase discrimination and compromise
the stability of the operating characteristic [7, 8].

Among advances aimed at strengthening the differential cri-
terion, techniques such as the o-plane have been reported.
For example, a current mapping strategy is used to rede-
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fine differential and restraint currents by transforming these
measurements at both line terminals. This complex-domain
representation can produce more stable trajectories and im-
prove sensitivity and separation between internal and exter-
nal faults in the presence of IBRs [9]. Additionally, current
transformer saturation remains a critical challenge; fast sat-
uration detection logics and algorithms have been proposed
to dynamically adjust sensitivity under external fault con-
ditions, thereby mitigating spurious operations during the
initial stages of the event [10].

Recent literature has also explored next-generation ap-
proaches, such as setting-less protection, based on dynamic
state estimation and statistical testing used to verify in real
time the consistency between measurements and physical
component models. These strategies aim to reduce depen-
dence on fixed parameter settings and to enhance perfor-
mance under varying operating conditions, including net-
works with high converter penetration [11]. Additionally,
several adaptive approaches have been proposed for line
differential protection, as presented in [12]; these algo-
rithms adjust the protection zones based on the current state
of the power system. Finally, algorithm testing under IBR
conditions has not been widely reported.

1.2 Contributions

The most important contributions of this paper are: a)
Analysis of the performance of non-adaptive and adaptive
a-plane based line differential protection in IBR polluted
power systems; b) Determination of the influence of the
type of fault, sampling frequency, fault location, and fault
resistance on the performance of the differential protection.

2. a-plane-based line differential protection

Conventional ¢-plane—based line differential protection is
used due to its robustness. This method is based on the
geometric representation of the current ratio measured at
both ends of the line (Cg), as expressed in (1) where I; and
Iz denote the phasor currents measured at the local and re-
mote terminals of the line; enabling discrimination between
internal and external faults through regions defined in the
complex plane, as illustrated in Fig. 1a [13].

Cr= " = |cg] e/ (D
I

Under normal operating conditions or during external
faults, the value of Ck is located near (—1,0) in an « plane,
reflecting currents of similar magnitude and opposite phase.
In the presence of an internal fault, the relationship between
the currents is significantly altered, causing the ratio trajec-
tory to leave the restraint region and move towards the op-
erating region. This behaviour enables the correct operation
of the relay [13, 14].

In the a-plane, the restraint region is defined by two bound-
aries: an outer (R) and an inner radius (1/R) that delimit
the admissible range of the current ratio magnitude. The
steady-state operating condition is characterised by equa-
tion (2).

1
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2.1 Adaptive a-plane based differential pro-

tection

The adaptive a-plane method extends the conventional dif-
ferential scheme mainly as its decision criterion may be
compromised when the trajectory of the current ratio re-
mains within the restraint region during a high-resistance
internal fault [12]. Adaptive scheme combines the geomet-
ric information of the a-plane with complementary vari-
ables, such as the voltage—current angle and the magnitude
of current variation at both terminals of the line. The -
plane is divided into three functional regions according to
Fig. 1b.

Region 1 corresponds to a restraint zone intended to ensure
relay blocking under normal operating conditions and dur-
ing external faults. This region is defined by a restricted in-
terval of current ratio magnitudes of 0.8 < |Cg| < 2.5) and
a wide angular margin centred around 180°, with approxi-
mate limits between 120° and 240° [12]. The design of this
region ensures that, under healthy system conditions, load
variations, synchronisation errors, and external faults keep
the current ratio within this zone. Consequently, sustained
residence of the ratio in Region 1 is unambiguously inter-
preted as a non-internal condition, and the relay remains
blocked without the need to evaluate additional features.
Region 2 surrounds the primary restraint region and rep-
resents an area of geometric overlap in the ¢-plane. This
region extends towards higher ratio magnitudes, typically
up to |Cg| & 5, while maintaining an angular margin simi-
lar to that of Region 1 [12]. Within this region, trajectories
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associated with high-resistance internal faults, severe exter-
nal faults with CT saturation, synchronisation errors, and
communication channel asymmetries may coexist. There-
fore, when the current ratio falls within Region 2, the adap-
tive method activates additional electrical features to distin-
guish internal faults from external conditions. The operat-
ing region corresponds to the area of the a-plane located
outside Regions 1 and 2 and represents the zone in which
the relay must issue a tripping command. When the cur-
rent ratio moves into this region, an unequivocal internal
fault condition is identified, which may correspond to ei-
ther low- or high-resistance faults, depending on the fault
location and system conditions [12]. In this zone, the ge-
ometric criterion of the o-plane is sufficient for decision-
making, and activation of complementary adaptive func-
tions is not required. In this manner, the scheme ensures
rapid and selective operation for the most frequent inter-
nal faults in transmission lines. To resolve the ambiguity
associated with region 2, the adaptive method incorporates
additional criteria to determine whether a fault or a load
variation is present. These criteria consider the angle be-
tween the voltage and current and the difference between
the pre-disturbance and disturbance currents, enabling re-
liable identification of high-resistance internal faults when
the current ratio remains within this region.

2.2 Behaviour of the Adaptive Method under
Fault Conditions

Under normal operating conditions and during external
faults, the current ratio remains within Region 1 (secure
restraint region) or Region 2 (adaptive decision region) of
the a-plane. In these cases, the complementary features do
not simultaneously exceed the established thresholds, and
therefore the index K remains zero and the relay remains
blocked.

Conversely, under high-resistance internal fault conditions,
although the current ratio may lie within Region 2, the com-
bination of a large voltage—current angular deviation and a
significant increase in current difference between both line
terminals enables activation of the adaptive logic. In this
situation, the index Kj assumes a unit value, leading the
scheme to a secure and reliable tripping decision [12].
Consequently, the adaptive o-plane method achieves a
substantial improvement in differential relay sensitivity to
high-resistance internal faults, without compromising ro-
bustness against external disturbances, thereby establishing
itself as an advanced and effective strategy for the protec-
tion of modern transmission lines.

3. Proposed tests and result analysis

This section presents the analysis of results from the im-
plemented a-plane-based line differential protection, eval-
uated across different fault scenarios. The analysis focuses
on the ability to discriminate among pre-fault conditions
and internal and external faults based on the behaviour of
currents measured at the local and remote terminals.
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Fig. 2 illustrates the test system used to obtain the results
analysed in this paper. This system corresponds to a power
network designed to enable comparative evaluation of line
differential protection algorithms. The system includes an
IBR connected at a common point of interconnection (POI),
enabling operation under different supply configurations.
The IBR has a rated power of 60 [MVA] at a line voltage of
66 [kV] and is interconnected through line L.

3.1 Testing scenarios

Testing scenarios, which include several fault types (Single-
phase-to-ground, two-phase-to-ground, and three-phase-to-
ground faults) at 2 s, for fault resistances of Ry = 0  and
Ry =10 Q, and sampling frequencies of 16 and 1024 sam-
ples per cycle. In the case of two-phase-to-ground faults,
for protection methods based on the a-plane and segregated
phase comparison, the results obtained for faults located
at the line terminals (0% and 100 %) exhibited behaviour
very similar to that observed when the fault was located at
the midpoint of the line (50 %). Similarly, in the algorithm
based on the Clarke transform, fault resistances of Ry =5 Q
and Ry = 10 Q did not produce significant changes in the
of3 trajectory compared with the case Ry = 0 Q. This be-
haviour is attributed to the fact that, in two-phase faults, the
resistive component of the fault has a limited influence on
the transformed differential currents, with the dynamics of
phase unbalance being the dominant factor in shaping the
trajectory. Owing to the similarity in the behaviour of the
analysed algorithms, a criterion was adopted to simplify the
presentation of results corresponding to two-phase faults.
This simplification reduces redundancy without compro-
mising the validity of the analysis. Finally, the influence
of temporal resolution on the performance of the protection
schemes was analysed by comparing two sampling config-
urations (1024 and 16 samples per cycle) and by evaluating
the trade-off between the accuracy of differential quantity
estimation and computational complexity. The results were
analysed over the time interval from 1.6s to 2.5s, which
covers the pre-fault and fault stages. The post-fault regime
was not considered, as this thesis focuses on the perfor-
mance of protection algorithms during the critical detection
and decision-making stages, which are decisive for the reli-
able operation of line differential protection schemes.

3.2 Testing results and analysis

The most challenging fault scenarios, with respect to pro-
tection performance, are presented and analysed. Addition-
ally, samples collected 50 ms after fault inception are anal-
ysed.

3.3 Analysis in the case of fault resistance
variation

Two fault resistances of Ry = 0 Q and Ry = 10 €, for faults
located at the 50% of the line L; at 2 s, and a sampling
frequency of 1024 samples per cycle is considered for test-
ing the conventional and the adaptive o-plane based line
differential protection. The results for faults located at the
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50% of the line L; are depicted in figures 3 and 4, where
the three upper plots correspond to the conventional and
the three lower plots correspond to the adaptive o-plane
based line differential protection. From the results depicted
in Figure 3, the conventional and the adaptive protection
approaches perform adequately. In both cases, and for a
single-phase fault, the o4 value leaves the restrain region
(conventional protection) and the regions 1 and 2 (adap-
tive protection), indicating a trip of the breaker A. The be-
haviour of ap and o demonstrates adequate performance
of the protection approach, as these variables remain within
the restraint regions, avoiding false trips. In the case of
three-phase faults, depicted in figure 4, the conventional
and the adaptive protection approaches can experience dif-
ficulties. In both cases, the o value leaves and returns the
restraint region (conventional protection) and the region 2
(adaptive protection). Additionally, in the conventional ap-
proach phase B, an undesired time delay is presented as o
remains in the restraint region. In the same situation, the
adaptive protection approach performs better as the op val-
ues are in the region 2, where a trip is originated as a con-
sequence of the fault condition, avoiding undesired delays.
Finally, the previous results highlight the adaptive method’s
greater sensitivity and faster response time.

(CR)
(CR)
Im(CR)

EIR] EIR] 2 o
Re(CR) Re(CR) Re(CR)

Figure 3: Protection performance in the ¢-plane for a single-
phase-to-ground fault located at 50 % of the line L, considering
fault resistances Ry = 0 Q (blue), Ry = 10 Q ( orange), and 1024
samples per cycle.
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Figure 4: Protection performance in the «-plane for a three-
phase-to-ground fault located at 50 % of the line L, considering
fault resistances Ry = 0 Q (blue), Ry = 10 Q (orange), and 1024
samples per cycle.

3.3.1 Analysis in the case of fault distance variation

The results presented in figures 5 and 6 include two addi-
tional distances to those presented in section 3.3, consider-
ing faults at 0% and 100% of the L; length and for three-
phase faults additionally. In this situation, the performance
of the protection based on the behaviour of « is similar to
the presented in section 3.3, figure , where protection is-
sues are specially experienced in phase B. Similarly, the
conventional a-plane based line differential protection has
undesired trip delay in the case of phase B.

3.4 Analysis in the case of sampling fre-
quency variation

This test presents a-plane based line differential protection
behaviour in the case of a low sampling frequency of 16
samples per cycle. In the case of A-single-phase-to-ground
fault depicted in Figure 8, the relay had an undesired delay
(higher than 50 ms), reducing its performance significantly
when compared to the performance in the case of higher
sampling frequencies as presented in section 3.3. In the
case of three-phase faults depicted in Figure 9, the protec-
tion approach also exhibits similar performance, with unde-
sired delays that are critical for conventional a-plane-based
line differential protection.
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Figure 5: Protection performance in the a-plane for a three-
phase-to-ground fault located at 0 % of the line, considering fault
resistances Ry = 0 Q (blue) and Ry = 10 Q(orange), using 1024

samples per cycle.
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Figure 6: Protection performance in the o-plane for a three-
phase-to-ground fault located at 100 % of the line L;, considering
fault resistances Ry = 0 Q (blue) and Ry = 10 Q(orange), using
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Figure 7: Protection performance in the ¢-plane for a single-
phase-to-ground fault located at 50 % of the line, considering fault
resistances Ry = 0 Q and Ry = 10 Q, using 16 samples per cycle.

3.5 Analysis in the case of external faults

The performance of conventional and adaptive «a-plane-
based line differential protection is outstanding in the case
of the external faults for all fault types, location, and fault
resistances analysed. Figure 10 present the behaviour of o
in the case of a two-phase-to-ground fault located at 50 %
of the line L, considering fault resistances Ry = 0  and
Ry =10 Q. Both the conventional and adaptive protection
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Figure 8: Protection performance in the a-plane for a single-
phase-to-ground fault located at 50 % of the line, considering fault
resistances Ry = 0 Q(blue) and Ry = 10 Q(orange), using 16 sam-
ples per cycle.
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Figure 9: Protection performance in the a-plane for a three-
phase-to-ground fault located at 50 % of the line, considering fault
resistances Ry = 0 Q(blue) and Ry = 10 Q(orange), using 16 sam-
ples per cycle.

approaches perform adequately, as no trips are expected un-
der external faults.
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Figure 10: Protection performance for an external two-phase-to-
ground fault located at 50 % of the line L;, considering fault resis-
tances Ry =0 Q and Ry = 10 Q, using 1024 samples per cycle.

4. Conclusion

This paper presents a comprehensive evaluation of a-plane-
based line differential protection under operating conditions
representative of modern power systems with high pene-
tration of inverter-based resources (IBRs). The o-plane
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method was assessed through theoretical, computational,
and practical analyses, which confirmed its conceptual ro-
bustness and effectiveness for fault discrimination under
conventional system conditions.

The increasing integration of IBRs reveals significant limi-
tations, particularly for the conventional ¢-plane-based line
differential protection. These factors restrict its adaptability
to highly dynamic environments characterised by power-
electronic-based generation and low short-circuit capac-
ity. In contrast, the adaptive o-plane-based line differen-
tial protection demonstrates improved performance in IBR-
dominated systems by enhancing robustness. It achieves a
favourable balance between sensitivity and security, ensur-
ing reliable operation in most internal faults while main-
taining selectivity under external conditions. Addition-
ally, the analysis of different fault resistances indicates that
low-fault-current conditions remain challenging for sev-
eral protection techniques, emphasising the need for ad-
vanced adaptive and signal-processing strategies. Overall,
while the conventional a-plane-based line differential pro-
tection remains valuable as an analytical tool, its practical
applicability in modern power systems is increasingly lim-
ited. Adaptive a-plane-based line differential protection is
a more suitable solution for future protection schemes in
networks with high IBR penetration, and further research
should focus on developing unified analytical formulations
and conducting large-scale validation.
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