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Abstract

Electric power systems with high penetration of inverter-
based distributed generation face significant technical and
operational challenges, among which protection systems
constitute a critical concern. This paper presents a com-
parative assessment of a conventional segregated phase
comparison—based line differential protection scheme and
a proposed approach that incorporates compensation for
line capacitance effects in networks with inverter-based re-
sources (IBRs). For this purpose, a detailed electromag-
netic transient model of the test system was developed
in PSCAD/EMTDC. Various fault scenarios, including
single-phase-to-ground, phase-to-phase, and three-phase-
to-ground faults, were simulated under different fault resis-
tance conditions. In addition, the influence of variations in
sampling frequency on the performance of both protection
schemes was investigated.

Simulation results demonstrate that the proposed secure
segregated phase comparison—based differential protection
scheme effectively mitigates angular difference oscillations
and maintains a nearly constant response under pre-fault
steady-state conditions. These characteristics significantly
enhance the reliability, selectivity, and operating speed of
line protection, particularly in converter-dominated power
feeders.

Key words: Inverter-based resources, line protection, dis-
tributed energy resources, and phase comparison.

1. Introduction

1.1 Motivation

Currently, power systems worldwide face new operational
challenges due to the increasing integration of inverter-
based resources (IBRs). In countries with high levels of
renewable generation penetration, critical events and distur-
bances have been reported in power networks, highlighting
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the need to reassess and adapt traditional system planning,
operation, and protection strategies [1].

This situation is largely attributable to the predominance of
IBRs, particularly grid-following units, which rely on the
power system to establish their voltage and frequency ref-
erences. Under fault or disturbance conditions, these IBRs
may adversely affect system efficiency because they at-
tempt to resynchronise via their internal phase-locked loop
(PLL). This process can lead to undesirable oscillations and
impede the restoration of synchronism, thereby directly af-
fecting the system’s rapid recovery [1], [2].

Consequently, the integration of IBRs impacts the perfor-
mance and reliability of conventional protection schemes.
Furthermore, the IBRs fault behaviour, influenced by in-
ternal control mechanisms, complicates the detection and
coordination of protection systems originally designed for
networks dominated by synchronous generators. This may
result in protective relays failing to operate correctly dur-
ing fault conditions or operating inappropriately, thereby
compromising the sensitivity and stability of protection sys-
tems [3]. Line differential protection also faces challenges
in conventional power networks, including synchronisation
issues, cybersecurity concerns, capacitive effects, loading
conditions, weak-infeed conditions, and power-line-related
issues [4].

1.2 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. Consequently, conventional relays may expe-
rience coordination failures, unwanted tripping, or insensi-
tivity to internal faults, due to the limited fault current con-
tribution of IBRs and the harmonic distortions associated
with converter control [4].
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Several adaptive protection strategies have been devel-
oped for overcurrent, distance, and differential schemes.
Optimisation-based approaches have been used to adjust
pickup currents and coordination times in order to preserve
selectivity under variations of the IBRs fault current contri-
bution for directional overcurrent protection [5]. However,
distance protection may be limited in weak infeed scenar-
ios, for example, when a line connects a strong source at
one end and a weak or renewable-based source at the other.
Under such conditions, the apparent impedance may shift
and fall outside the predefined operating zones [6].

Given the limitations of overcurrent and distance-based ap-
proaches, line differential protection stands out by compar-
ing currents at both terminals, providing reliability for in-
ternal and external faults. Nevertheless, in systems with
IBDERs, its reliability may be degraded by disturbances in
unfaulted phases and by the low-impedance zero-sequence
paths in transformers. These effects impair phase discrim-
ination and compromise the stability of the operating char-
acteristic [7]. Among the advances aimed at strengthen-
ing the differential criterion, phase-comparison techniques
have been reported [8]. For example, a current mapping
strategy is used to redefine differential and restraint currents
by transforming these measurements at both line terminals.
This complex-domain representation can produce more sta-
ble trajectories and improve sensitivity and separation be-
tween internal and external faults in the presence of IBRs
[9]. Additionally, current transformer saturation remains a
critical challenge; fast saturation detection algorithms have
been proposed to dynamically adjust sensitivity under ex-
ternal fault conditions, thereby mitigating spurious opera-
tions during the initial stages of the event [10]. Recent lit-
erature has also explored next-generation approaches, such
as setting-less protection, which relies on dynamic state es-
timation and statistical testing to verify, in real time, the
consistency between measurements and physical compo-
nent models. These strategies aim to reduce dependence
on fixed parameter settings and to enhance performance un-
der varying operating conditions, including networks with
high converter penetration [11]. Finally, several adaptive
approaches have been proposed for differential protection,
as presented in [12]; these algorithms adjust the protection
zones based on the current state of the power system.

1.3 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; and 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. Segregated phase comparison based line
differential protection

Phase comparison evaluates the angular phase shift between
line currents measured at both terminals [13]. Secure opera-
tion requires a reliable communication channel between re-
lays, with appropriate compensation for channel latency to
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ensure temporal coherence between the signals being com-
pared.

2.1 Conventional segregated phase compari-
son technique

This technique uses the phase currents at nodes i and j of
the transmission line, along with the residual current asso-
ciated with the zero-sequence component. The phase angle
difference is calculated as shown in equation (1).

W, L1l (q) Zlﬁ”e(a)
wo| _|afree)| | i) 1
ve| T | (o) | T | eaiee) W
W [1ie [1te

The segregated phase comparison exhibits, in the absence
of an internal fault, an angular difference between the cur-
rents measured at both terminals of 180°, due to the oppo-
site direction of the load currents. However, this ideal value
is affected by the phase shift introduced by the line capac-
itive charging currents, which is represented by an angular
error term or compensation angle 6,.. In modern differential
relays, this effect must be considered, since the associated
compensation increases the effective stability angle, or re-
straining angle Oy, particularly in long transmission lines or
during external faults [14]. Thus, the non-operation condi-
tion can be expressed as indicated in equation (2) [8].

Vi € [180° — (@, + ©y), 180° + (O + ©y)] k € {a,b,c,0} (2)

When the angular difference y; of one or more phases lies
outside this restraining region, the phase comparison crite-
rion indicates the presence of an internal fault. In practice,
a decision logic is used that requires that at least two of
the four angular comparisons (phases a, b, c, and residual
component) indicate a fault condition, in order to increase
the security of the scheme against external disturbances and
measurement errors.

2.2 Secure segregated phase comparison
technique

One of the main limitations of conventional segregated
phase comparison schemes is the influence of line charg-
ing currents associated with the shunt capacitance, which
introduce an angular error 6, and effectively enlarge the re-
straining region. Although this effect can be compensated
by estimating 6, from the ratio between the charging cur-
rent and the modulating quantity, its practical implementa-
tion is complex, as it requires knowing the charging current
I.. To overcome this limitation, the elimination of the angu-
lar error 6, is achieved using the line parameters [8]. This
approach relies on the three-phase -equivalent line model,
together with the line currents I}ji.“e and I;ii“e measured by
the CTs and the nodal voltages V; and V; measured by the
PTs, enabling an analytical separation of the contribution
associated with the shunt capacitance.

Equations (3) and (4) presents the line currents measured
in each phase (a,b,c) as a function of the line parameters
for nodes i and j. These expressions can be rearranged to
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obtain the currents associated with the series impedance of
the 7 model defined as ;" and [5".

'I{/’{"e(a)' [7i7"(@)]  [Baa Bar Bac] [Vi(a)
Iii”e(b) = |7 (0)| +5 |Boa Ber Bpe| |Vi(D)| (3)
()] ()] [Bea Bap Bee] [Vile))
(@] (5@ [Baa Ba Bac] [Vi(@)]
()| = |7 ()| 44 |Ba By Bue| |Vi(b)| (4)
@] ()] B B Bee] [Vi(e)]

As modern digital relays enable synchronized voltage and
current phasors from sampled signals, the angle difference
can be computed as shown in equation (5).

LI (a) — LI (a)
W — | LL5(b) — LI (b)
LI¥(c) — LI (c)

®)

Under normal operating conditions or during exter-
nal faults, the series currents flowing through the line
impedance at both terminals have equal magnitudes and are
in phase opposition. Consequently, the decision criterion
relies exclusively on comparing the phase angles of the es-
timated series currents (P*"), which ideally corresponds to
an angular separation of 180°.

In the case of an external fault, it is assumed that the fault
point is located at a distance A from bus i. Under this con-
dition, the fault current corresponding to phase a can be
expressed in terms of the currents associated with the series
branch of the line, as shown in equation (6).

Iy(a) = I (a) + IF(a) (6)

From this definition, the series current in the i — j direction
can be represented as a function of the fault current as

Ir(a)(1-A)Z
Zs
The expression (7) allows describing current Il-sfr(a) directly

as a function of the fault current. Substituting equation (6)
into (7).

1;j'(a) = (7

1-A

1@ =~ 1) ®)

Thus, the angular ratio no longer equals —1. Consequently,
the absolute value of the angle of the quotient between the
series currents (P*°") no longer corresponds to 180°.

By explicitly including the shunt capacitance of the line in
the model, the angular error associated with the capacitive
effect is inherently accounted for, making it unnecessary to
introduce the compensation angle 6,. Under this assump-
tion, the non-operation condition of the phase comparison
scheme is defined as in equation (9).

vi € [180°— @, 180°+@,], ke {a,b,c,0} (9)

This condition establishes the restraining region of the
scheme and defines the operating and blocking zones of the
phase comparison protection, without explicitly consider-
ing the angle 6,.
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3. Tests and results

This section presents an analysis of the results of testing
segregated-phase comparison line-based differential pro-
tection under various fault scenarios along the transmission
line. The analysis focuses on the ability of two strategies
to discriminate among pre-fault conditions, internal faults,
and external faults using the behaviour of measurements at
the local and remote line ends.

3.1 Test system

Fig. 1 depicts the test system used to validate the proposed
differential protection. This power network includes a grid
following the IBR, which supplies 60 [MVA] at 66 [kV] line
voltage at the POI to a conventional power network via line
L;. This power system is modelled using PSCAD. The line
L, is protected using differential protection.

3.2 Testing scenarios and relay adjustments

The faults considered are single-phase-to-ground, phase-to-
phase, and three-phase-to-ground faults. Additionally, fault
resistances of Ry = 0 Q and Ry = 10 Q are considered, as
well as sampling resolutions of 16 and 1024 samples per
cycle. In this paper, the definition of the restraining angle
6, is based on the proposal in [15], which corresponds to
6, = +£0.9°. However, in order to strengthen the analysis
and verify whether such a restraint is viable, the method
was initially implemented without compensation for the
line capacitive effect; that is, the steady-state pre-fault an-
gular difference was calculated using only the currents at
the two line ends (/;; and ;). Additionally, the average
value of the steady-state pre-fault angular difference with-
out capacitive compensation is approximately 180.91°, cor-
responding to a deviation of 0.91° with respect to the ideal
value of 180° under stable pre-fault conditions. In this case,
if capacitive compensation were not performed, it would be
necessary to consider an additional error angle, 6., above
the value proposed in [15], due to the increase of the re-
straining zone. However, by calculating the currents using
the voltages and the line parameters, the steady-state pre-
fault angular difference is 179.99°. This value lies within
the margin established in [15], which validates the appro-
priate selection of the restraining angle 6, for the analysed
protection scheme. Finally, for comparison, a persistence
counter value of k = 8 is used to determine the fault state in
both protection approaches.

3.3 Testing results and analysis

In this section, the results obtained for the algorithm based
on the secure segregated phase comparison technique and
its phasorial-domain version with capacitive compensation
are presented, accounting for variations in the main system
parameters. The effect of the fault resistance (Ry = 0 and
10 Q) is analysed for a location of 50% of the line with
1024 and 16 samples per cycle. Finally, the relay’s perfor-
mance under external faults is analysed.
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3.3.1 Performance for fault resistance variation

According to the results depicted in Figures 2 and 3, for a
single-phase-to ground fault on phase A at 2 s and a three-
phase fault, considering O and 10 Q values of fault resis-
tance, and a fault trip considering 8 signal samples outside
the restrain zone (k = 8), and a sampling frequency of 1024
samples per cycle, both the conventional (Conv) and the
secure (Secure) segregated phase comparison based differ-
ential line protection, performs adequately after the fault
inception (2 s). Relay trips in all cases in #p < 1.25 s.
Additionally, the secure segregated phase comparison re-
duces the steady-state pre-fault angle error associated with
line capacitance. On the other hand, the conventional ap-
proach experiences values of y outside the restrain zone
before the fault inception, representing a potential problem
of this technique, as it sends a trip in the case of angles ( Yy,
VB, Wc, or Yy) leaves the restrain zone. Finally, the anal-
ysis considers two fault-resistance values for single-phase-
to-ground and three-phase-to-ground faults, as the relay be-
haves similarly for double-phase faults.

Phase A

180 - RO| Conv.
RIO | Secure
RF10 | Conv.

- RA0| Secure

1.99975 2.00000 2.00025 2.00050 2.00075 2.00150 2.00175

Phase B

178 - RA0| Secure

1.99975 2.00000 2.00025 2.00050 2.00075 200100 2.00125 2.00150 200175

Phase C

- Rf0| Conv.
R0 | Secure

- RA0| Conv.

178 +  Rf10| Secure

2.00000 2.00025 2.00050 2.00075

Time [s]

1.99975 2.00100 2.00125 2.00150 200175

Zero-sequence (y0) | Conventional

- Rf0] 0 Conv.
140 RFL0 | 40 Conv.

1.99975 2.00000 2.00025 2.00050 2.00075 2.00150 200175

Time [s]

2.00100 2.00125

Figure 2: Protection performance for a single phase to ground
fault located at 50 % of the line, considering fault resistances Ry =
0 Q and Ry = 10 £, using 1024 samples per cycle.
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180 + RO| Conv.
Rf0 | Secure

-~ © R0 conn
178 i, . RA0| Secure
2.000 2.001 2.002 2.003 2.004
Phase B
182
= 180 + Rf0| Conv.
g A0 secure
%, * B0 conn
178 + RF0| Secure
2500 2001 2002 2503 2008
Phase C
182
S 180 - R0 Conv
5 Rf0 | Secure
178 T - Rf10| Secure

2.000 2.001 2.002

Time [s]

2.004

Zero-sequence (y0) | Conventional

220

S S
s 160

[—————— - Rf0| 40 Conv.

RF10 | 4O Conv.

140 S —

2.000

Figure 3: Protection performance for a three-phase-to-ground
fault located at 50% of the line, considering fault resistances
Ry =0Qand Ry = 10 Q, using 1024 samples per cycle.

3.3.2 Performance for sampling frequency variation

Figure 4 and shows the behaviour of the conventional and
secure phase comparison-based differential line protection
for a sampling frequency of 16 samples per cycle, and for
a single-phase fault at situations analysed in section 3.3.1.
Despite the reduced number of samples, the differential
protection approaches maintain a performance for the anal-
ysed fault types, similar to the previous cases. However,
an inadequate performance is presented in the case of 10
Q fault resistance, which leaves the restrained zone after a
fault in phase A. Additionally, the zero-sequence compo-
nent (yp) of the conventional approach is outside the re-
straint threshold before the fault, representing a problem.

In the conventional algorithm, all phases exhibit, under
steady-state conditions, an angular difference close to the
restraining limit (180° 0.9°). Under this condition, when
a reduced resolution of 16 samples per cycle is employed,
estimation errors associated with the transient interval be-
tween the pre-fault and fault states cause some samples to
be evaluated outside the restraining region. As a result,
phase C leaves the permitted band earlier than in the case of
1024 samples per cycle, highlighting the sensitivity of the
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Phase A

W el

" - Ri0| Conv.
Ri0 | Secure

RF10 | Conv.
+ R0 Secure

197 1.98 1.99 200 201 2.02 2.03

Phase B

180 " Ri0 | Conv.
RIO | Secure
178 - Ri0| Conv.
R0 Secure

Wt )

197 198 1.99 200 201 2.02 203

Phase C

W )

R0 Secure

197 1.98 1.99 2.00 201 2.02 203
Time [s]

Zero-sequence (y0) | Conventional

0-0-0-0-0-0-50

Wt ]

178 - Rf0| 40 Conv.
RF10 | 9O Conv.

Figure 4: Protection performance for a single-phase-to-ground
fault located at 50 % of the line, considering fault resistances Ry =
0 Q and Ry = 10 £, using 16 samples per cycle.

conventional algorithm to low sampling frequency when
operating near the decision threshold.

3.3.3 Performance during external faults

The behaviour of the differential protection approaches in
the case of an external fault located at the 50% of line
L, is depicted in Figure 5, for three-phase faults. As ob-
served in the test, both protection approaches perform ad-
equately for single-phase-to-ground faults. However, for
two-phase-to-ground and three-phase faults, the trip occurs
at the conventional comparison-based line differential pro-
tection, thereby degrading the protection’s performance. In
the case of external faults, the differential protection is not
expected to trip. Finally, the secure comparison-based line
differential protection performs adequately in the case of
the analysed external fault situations

Phase A

- RI0| Conv.
RIO | Secure

- R0| Conv.

- RA0| Secure

178
35" (33 708 2.06 2.08 210 212 214

- Rf0| Conv.

193 RIO | Secure
- RA0|Conv.

- RM0| Secure

TR e T 2.06 2.08 210 212 214

178 T o

Phase C

- Rf0| Conv.
RIO | Secure

- RA0| Conv.

- Ri0| Secure

2.08 210 212 214
Time [s]

Figure 5: Protection performance for an external three-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.
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4. Conclusion

Segregated phase comparison is a particular form of line
differential protection and has been widely applied in con-
ventional power systems due to its simplicity and its abil-
ity to discriminate faults based on angular information.
However, its exclusive reliance on phase-angle differences
makes it inherently sensitive to system disturbances, a con-
dition exacerbated in scenarios with high penetration of
inverter-based resources (IBRs), which were not considered
in the original design of this protection scheme.

The results presented in this paper indicate that conven-
tional segregated-phase comparison—based line differential
protection may be limited under certain operating condi-
tions involving IBRs. These limitations are observed under
both pre-fault and fault conditions and become more pro-
nounced as the number of phases involved in the fault in-
creases, particularly for double-phase and three-phase-to-
ground faults. Under these conditions, the angular differ-
ence between the currents measured at the local and re-
mote terminals tends to increase. The secure segregated
phase comparison-based line differential protection, incor-
porating compensation for the line capacitance effect, sig-
nificantly reduces oscillations in the angular difference and
ensures that, under pre-fault steady-state conditions, this
difference remains practically constant. This behaviour
helps to prevent undesired departures from the restraint re-
gion during normal load variations and minor system dis-
turbances, thereby avoiding unnecessary line disconnec-
tions. In this context, proper tuning of the secure segre-
gated phase comparison—based line differential protection
improves angular trajectory stability, keeps it within the
algorithm-defined restraint region, and prevents maloper-
ation. Finally, although this protection strategy appears
suitable, further studies are needed to assess the impact of
variations in the magnitude of line capacitive compensation
over extended periods of power-line operation.
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