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Abstract: Residual earth-fault indicators installed in medium-voltage overhead feeders
operate with fixed pickup thresholds, while the available residual current decreases with feeder
distance. As a result, indicator operation becomes progressively less reliable toward remote
feeder sections, and deterministic short-circuit analysis alone is insufficient to characterize
practical detectability limits. This study investigates distance-dependent detectability of fixed-
threshold residual earth-fault indicators using a combined experimental, simulation-based,
and probabilistic framework. First, the relay–RTU–SCADA event chain is verified through
controlled current-injection testing in a 35 kV reserve feeder bay. Second, residual earth-fault
current along the 9.4 km Prizreni 1–Zhuri overhead feeder is evaluated using IEC 60909
single-phase-to-earth simulations implemented in DIgSILENT PowerFactory. Probabilistic
threshold-exceedance analysis is then applied to estimate detection reliability as a function
of feeder distance. The simulated residual current decreases from 350.577 A near the source
substation to 299.793 A at the feeder endpoint. For the deployed 300 A pickup threshold,
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the detection probability decreases from near-unity values in upstream feeder sections to
approximately 0.49 at the remote end of the feeder. Additional sensitivity analysis shows that
fault resistance, uncertainty level, pickup threshold, and feeder electrical length significantly
influence practical detectability limits. The results demonstrate that residual earth-fault
indication in long feeders should be evaluated as a probabilistic distance-dependent problem
rather than as a purely deterministic threshold-crossing condition. The presented framework
provides an engineering basis for evaluating reliability limits and pickup-threshold adequacy
in medium-voltage distribution.

Key words: detection reliability, IEC 60909, medium-voltage feeder, Monte Carlo simulation,
probabilistic assessment, residual current, residual earth-fault indicator

1. Introduction

Reliable earth-fault detection is a fundamental operational requirement in medium-voltage distribu-
tion feeders. In long radial overhead lines, the residual current component 3𝐼0 decreases with increasing
electrical distance from the source due to cumulative line impedance and grounding conditions [1].
Consequently, the residual current available for fault indication varies along the feeder [2,3].

Fault passage indicators installed in distribution networks operate with fixed pickup thresholds
[4]. Under such settings, the difference between the residual fault current and the pickup threshold
varies with feeder location [5, 6]. Near the substation, this margin is typically sufficient to ensure
stable operation. In remote feeder sections, however, the margin may approach the configured
threshold, making indicator response sensitive to variations in fault resistance, grounding conditions,
and network modelling assumptions [7, 8].

This limitation becomes particularly relevant in practical monitoring architectures, where
fault detection relies on SCADA supervision combined with selectively installed line indicators
[9–12]. Although various fault-location methods have been reported, including impedance-based,
signal-processing, and data-driven approaches [13, 14], many require measurement density and
communication infrastructure that are not available in typical overhead distribution feeders [15,16].
In such conditions, fault monitoring continues to depend on supervisory observation and distributed
fault passage indicators rather than dense synchronized measurement systems [17–19].

Within this framework, two distinct technical conditions govern the reliability of fault indication.
The first is the correct transmission of protection events through the relay−RTU−SCADA chain,
which determines whether events are registered at the supervisory level [20–22]. The second is the
electrical detectability of the fault at the indicator location, determined by the relationship between
residual current magnitude and the configured pickup threshold [23, 24]. These conditions are
operationally linked but physically different and should not be evaluated as a single problem.

Most published evaluations of fault passage indicators are based on deterministic short-circuit
calculations derived from steady-state fault analysis [13, 22, 25]. In this formulation, indicator
operation is treated as a binary outcome defined by the nominal residual current at the point
of interest. This representation becomes inadequate when the available residual-current margin
is small, as the detection outcome then depends on uncertainty in fault resistance, grounding
conditions, and modelling assumptions [2,23]. The literature provides limited quantitative analysis
of how fixed-threshold indicator behaviour changes along the feeder as the available operating
margin approaches the pickup threshold [26–28]. The research gap is therefore not the absence of
fault-current calculation, but the absence of a distance-dependent reliability characterization of
indicator detectability under practical feeder conditions.
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This study addresses the identified gap using a 9.4 km, 35 kV overhead feeder as a practical case
study. Residual earth-fault indication is evaluated as a location-dependent probabilistic problem rather
than a nominal pass/fail condition. The analysis separates event-transmission integrity from electrical
detectability. The protection–RTU–SCADA acquisition chain is verified experimentally through
controlled current-injection testing [20], while residual current levels along the feeder are obtained from
IEC 60909 single-phase-to-earth simulations implemented in DIgSILENT PowerFactory [29]. Indicator
behaviour is then evaluated using Monte Carlo-based stochastic modelling to quantify detectability as
the residual-current margin approaches the pickup threshold [30].

The contribution of the work is threefold. First, supervisory event-chain validation and electrical
fault detectability are treated as distinct evaluation domains. Second, the probability of indicator
operation is quantified as a function of feeder position and residual-current margin under fixed
pickup settings. Third, critical detection regions and reliability limits are identified, including
the behaviour associated with a 300 A pickup threshold in the analysed feeder. The presented
framework combines supervisory event-chain verification, feeder-level short-circuit modelling, and
probabilistic threshold-exceedance analysis in order to identify reliability limits associated with
fixed-threshold earth-fault indicators. Additional feeder-length scenarios are considered to evaluate
the influence of electrical length on practical detectability under the same pickup setting. The
obtained results provide a distance-dependent assessment of indicator operation under practical
medium-voltage feeder conditions.

2. Materials and methods

The methodological framework used in this study evaluates fault passage indicator perfor-
mance in the investigated 35 kV distribution feeder at two distinct but operationally connected
levels: supervisory event transmission through the protection–RTU–SCADA chain and electrical
detectability of single-phase-to-earth faults at the indicator location [20,31]. The analysed network
is operated by the Kosovo Electricity Distribution Company and includes voltage levels of 35 kV,
20 kV, 10 kV, and 6 kV. The analysis focuses on the 35 kV overhead feeder connecting the Prizreni 1
and Zhuri substations. The feeder has a total length of 9.4 km and is constructed with Al–Ce
70 mm2 conductor. The investigated feeder corridor together with the location of the installed fault
passage indicators is shown in Fig. 1.

 
Fig. 1. Investigated 35 kV Prizreni 1–Zhuri overhead feeder corridor and installed fault passage indicator

locations [32, 33]
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The feeder was modelled in DIgSILENT PowerFactory using the network topology, line
configuration, and operating structure of the investigated 35 kV corridor. The implemented network
model together with the adopted line-parameter configuration are presented in Fig. 2, while the
technical parameters used in the short-circuit study are summarized in Table 1.

 

Fig. 2. PowerFactory implementation of the investigated 35 kV feeder: network model [32, 33]

Table 1. Technical parameters of the Prizreni 1–Zhuri 35 kV overhead feeder used in simulations [32, 33]

Parameter Value

Line type Overhead line model based on PowerFactory library
parameters

Nominal voltage 35 kV

Conductor type Al-Ce 70 mm2

Feeder length 9.4 km

Rated current 0.235 kA

Positive-sequence resistance (𝑅1) 4.16 Ω

Positive-sequence reactance (𝑋1) 4.01 Ω

Positive-sequence impedance (𝑍1) 5.78 Ω

Positive-sequence impedance angle 43.95◦

Zero-sequence resistance (𝑅0) 12.45 Ω

Table continued on the next page
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Table continued from the previous page

Parameter Value

Zero-sequence reactance (𝑋0) 12.04 Ω

Source short-circuit current at 35 kV busbar 8.80 kA

Source short-circuit power 533.31 MVA

Earth factor magnitude 0.667

Short-circuit calculation standard IEC 60909

Operating condition for fault study Normal network topology (all sources in service)

Treatment of load during fault simulations Loads included

35 kV neutral grounding at source substation Isolated neutral configuration confirmed by utility
operator (KEDS)

Fault impedance in simulations (𝑅 𝑓 )
Base-case simulations performed under solid-fault

assumption (𝑅 𝑓 = 0 Ω). Additional sensitivity
analysis was performed for resistive fault conditions.

The line parameters used in the feeder model correspond to the existing utility configuration
and were confirmed by the utility operator during the revision process.

Protection functions at the substations are implemented by numerical relays interfaced with
remote terminal units, allowing protection-originated events to be transmitted to the supervisory
control and data acquisition system through a fiber-optic communication path. The installed fault
passage indicator operates with non-directional logic, a residual-current pickup threshold of 300 A,
and an intentional delay of 150 ms. The monitored activation quantity is the residual current
magnitude 3𝐼0. Since reliable fault indication depends both on correct event transmission and
on sufficient electrical pickup margin, these two aspects were evaluated separately in order to
distinguish supervisory-event transmission from physical earth-fault detectability.

Experimental validation was first carried out to verify the integrity of the protection–RTU–
SCADA event chain. The tests were performed at a reserve 35 kV feeder bay in the Lipjani substation
equipped with 300/5 A current transformers and a numerical relay. The configuration of the test
setup, including protection parameters, communication path, and time-synchronization condition, is
reported in Table 2. Controlled current injection was performed using an Omicron CMC test set with
Test Universe software. Balanced three-phase currents were injected simultaneously into phases L1,
L2, and L3 to trigger relay pickup and event transmission under deterministic overcurrent conditions
while suppressing residual-current components. The experimental procedure therefore evaluates
the integrity of the relay–RTU–SCADA communication chain, but not the physical zero-sequence
sensing behaviour of the installed fault passage indicator under actual earth-fault conditions.

The applied current levels, namely 360 A, 390 A, and 420 A, corresponding respectively
to 1.2, 1.3, and 1.4 times the 300 A pickup reference, are summarized in Table 3. The injected
currents, relay response, and corresponding SCADA event registration are presented in Fig. 3.
Each injection level was repeated ten times. No missing event, incorrect feeder identification, or
inconsistent timestamping was observed during the repeated tests. SCADA event latency was not
measured and is therefore outside the scope of the present study.
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Table 2. Configuration and parameters used for SCADA protection signal transmission testing at the 35 kV
Lipjani substation feeder bay [32, 33]

Parameter Value
Substation Lipjani
Feeder bay Reserve 35 kV feeder
Protection relay Numerical relay

Protection function Overcurrent protection (ANSI 50/51) used to trigger relay
events for SCADA-chain validation

CT ratio 300/5 A
Pickup reference 300 A (1.0 pu)
Test equipment Omicron CMC
Test software Test Universe
Test repetition 𝑁 = 10 repetitions per injection level
SCADA time synchronization NTP
SCADA event latency Not measured
Communication path Relay → RTU → fiber-optic link → SCADA

Table 3. Injected current levels used during relay validation testing [32, 33]

Parameter Value

Injection method Balanced three-phase injection (L1, L2, L3)

Injected current – Case 1 360 A (1.2 × pickup reference)

Injected current – Case 2 390 A (1.3 × pickup reference)

Injected current – Case 3 420 A (1.4 × pickup reference)

Repetitions per case 𝑁 = 10

The electrical detectability analysis was carried out in DIgSILENT PowerFactory using
IEC 60909 single-phase-to-earth short-circuit calculations. The simulation model includes the
Prizreni 1 and Zhuri substations, the associated 35 kV overhead feeder, line sections, buses, and
connected network elements under normal operating topology with all sources in service. Loads
were retained in the model in order to preserve consistency with the adopted feeder representation.
The computational setup used for the earth-fault study is shown in Fig. 4 [29, 34].

Single-phase-to-earth faults were simulated at ten discrete positions corresponding to 10%,
20%, . . . , 100% of the total feeder length, yielding distances from 0.94 km to 9.40 km measured
from the sending-end substation. For each location, the residual current magnitude 3𝐼0 was
extracted from the PowerFactory short-circuit result set at the monitored feeder location used for
indicator pickup assessment. These values constitute the nominal residual-current profile used
for deterministic and probabilistic detectability evaluation. The simulated steady-state earth-fault
current values for the ten analysed fault locations are reported in Table 4.



Vol. 75 (2026) Distance-dependent detection reliability of fixed-threshold residual earth-fault 507

 
(a)

 

(b)

Fig. 3. Experimental verification of the relay–RTU–SCADA event chain: (a) omicron overcurrent injection
test configuration; (b) corresponding SCADA event registration [32, 33]

 

Fig. 4. PowerFactory setup used for single-phase-to-earth fault simulation at a selected feeder location [32,33]

Table 4. Simulated steady-state earth-fault current values for ten fault locations

Simulation Relative % Distance [km] Residual current 3I0 [A]
1 10 0.94 350.577
2 20 1.88 344.098
3 30 2.82 337.855
4 40 3.76 331.834
5 50 4.70 326.025
6 60 5.64 320.416
7 70 6.58 314.997
8 80 7.52 309.760
9 90 8.46 304.695
10 100 9.40 299.793



508 Ines Bula Bunjaku et al. Arch. Elect. Eng.

Additional clarification regarding network grounding and modelling assumptions was obtained
from the utility operator during the revision process. The investigated 35 kV feeder operates under
an isolated-neutral configuration at the source substation. The feeder model was implemented
using IEC 60909 single-phase-to-earth short-circuit calculations under normal operating topology
with all sources in service. The adopted line parameters, conductor configuration, and feeder
length were confirmed by the utility operator and correspond to the actual investigated feeder
section. Detailed modelling of grounding-impedance variation and Petersen-coil behaviour was
outside the scope of the present study.

The base-case fault simulations were performed using a solid-fault assumption (𝑅 𝑓 = 0 Ω),
which is commonly adopted in short-circuit studies to evaluate the maximum available earth-fault
current and the corresponding detection margin. Since resistive earth faults may significantly
influence residual-current magnitude and fault detectability, additional sensitivity analysis under
resistive-fault conditions was incorporated during the revision process in order to examine the
influence of fault resistance on threshold-exceedance probability and detection reliability.

The neutral-grounding impedance itself was not explicitly represented in the available
PowerFactory implementation. Consequently, the obtained residual-current values should be
interpreted within the adopted zero-sequence network representation and IEC 60909 modelling
assumptions. The analysis therefore focuses on detectability trends, operating margins, and
threshold sensitivity along the feeder under the adopted modelling assumptions.

To examine the influence of electrical length beyond the investigated 9.4 km feeder, additional
feeder-length scenarios of 6 km, 12 km, and 18 km were also considered. These scenarios
constitute a parametric extension of the base feeder model and are used to examine the sensitivity
of detectability to electrical length under the same modelling assumptions. They are not intended
to reproduce fully reconstructed independent feeder configurations.

For each simulated fault location at distance 𝑑, the deterministic pickup margin relative to the
installed indicator threshold was defined as:

𝑀 (𝑑) = 𝐼res (𝑑) − 𝐼th, (1)

where 𝐼res (𝑑) is the simulated residual earth-fault current magnitude 3𝐼0 at distance 𝑑, and
𝐼th = 300 A is the configured pickup threshold. Positive values of 𝑀 (𝑑) indicate nominal threshold
exceedance, whereas negative values indicate that the nominal residual current is below the pickup
setting. This quantity represents the deterministic residual-current headroom available at each
feeder position.

Because the residual current may vary with modelling uncertainty, grounding conditions, and
operating assumptions, the robustness of fixed-threshold pickup was further evaluated through
a probabilistic model. At each location, the residual current was represented as a Gaussian random
variable centred at the nominal simulated value [27, 35]:

𝐼res (𝑑) = 𝜇(𝑑) + 𝜀, (2)

𝜀 ∼ 𝑁

(
0, 𝜎2 (𝑑)

)
, (3)

𝜎(𝑑) = 0.04 𝜇(𝑑), (4)

where 𝜇(𝑑) is the nominal residual current obtained from the PowerFactory simulation. The
4% dispersion level was adopted as a moderate engineering uncertainty assumption intended to
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represent the combined influence of current-transformer accuracy, relay pickup tolerance, fault
passage indicator measurement uncertainty, modelling approximations, and operational variability
under practical feeder conditions. The adopted uncertainty level is additionally consistent with the
combined measurement tolerances reported for the installed current transformers, relay protection
functions, and fault passage indicator measurement chain by the utility operator. The Gaussian
representation is therefore treated as an engineering approximation intended for probabilistic
sensitivity analysis rather than as a strict statistical characterization of residual-current behaviour
under all operating conditions.

The probability of indicator pickup at distance 𝑑 was then defined as:

𝑃det (𝑑) = 𝑃 (𝐼res (𝑑) > 𝐼th) . (5)

Under the Gaussian assumption defined in (2)–(4), the probability of threshold exceedance
can also be expressed analytically as:

𝑃det (𝑑) = 1 −Φ

(
𝐼th − 𝜇(𝑑)
𝜎(𝑑)

)
, (6)

where Φ(·) denotes the cumulative distribution function of the standard normal distribution. This
expression gives the probability that the residual current exceeds the pickup threshold under the
adopted uncertainty model.

Monte Carlo simulation with 20 000 trials was performed for each fault location, and the detection
probability was estimated as the fraction of realizations satisfying 𝐼̃res(𝑑) > 𝐼th. For the investigated
feeder conditions, 20 000 trials per location were sufficient to obtain numerically stable probability
estimates. Where reliability-distance limits are reported later in continuous form, they are obtained by
interpolation between adjacent simulated points rather than by direct reading from the ten discrete
simulation locations. Discrete fault-location results and interpolated reliability-distance limits are
therefore reported separately in the Results section in order to avoid ambiguity in interpretation.

3. Results

The monitoring framework was evaluated at two distinct levels. First, the integrity of protection-
event acquisition within the relay–RTU–SCADA chain was experimentally verified. Second,
feeder-level electrical detectability of single-phase-to-earth faults was quantified using IEC 60909
short-circuit simulations and uncertainty-aware post-processing. The separation between these
evaluation levels is necessary because correct SCADA-event transmission does not by itself
guarantee reliable residual-current pickup at the installed fault passage indicator location.

The SCADA-chain verification confirmed that protection-originated events were registered
correctly under deterministic overcurrent conditions substantially above threshold. No missed event,
incorrect feeder identification, or inconsistent timestamping was observed during the repeated
tests. The performed balanced three-phase injection therefore validates the relay−RTU−SCADA
communication path, whereas earth-fault detectability remains dependent on residual-current
magnitude, fault resistance, grounding configuration, and the pickup setting of the installed fault
passage indicator.
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The feeder-level analysis examines whether the deployed 300 A residual-current pickup
provides adequate detectability over the full 9.4 km feeder length. The simulated steady-state
residual-current values are summarized in Table 4 and illustrated in Fig. 5. The residual current
decreases monotonically from 350.577 A at 0.94 km to 299.793 A at 9.40 km, corresponding
to an absolute attenuation of 50.784 A, or 14.5% relative to the upstream value. Over the final
4 km of the feeder, the current decreases from 326.025 A to 299.793 A, confirming progressive
reduction of pickup headroom in the distal feeder section. As the residual current approaches the
configured pickup threshold, the operating margin becomes increasingly sensitive to uncertainty
and threshold variation.

 

350.577
344.098

337.855
331.834

326.025
320.416

314.997
309.760

304.695
299.793

260.000

280.000

300.000

320.000

340.000

360.000

0.94 1.88 2.82 3.76 4.70 5.64 6.58 7.52 8.46 9.40

Fig. 5. Variation of steady-state earth-fault current along the feeder as a function of fault distance [32, 33]

At the installed indicator location of 4.70 km, the simulated residual current is 326.025 A,
corresponding to a deterministic pickup margin of 26.025 A, or 8.7% above the 300 A threshold.
At 8.46 km, the margin decreases to 4.695 A, while at 9.40 km it reaches −0.207 A. The operating
point therefore transitions from clear threshold exceedance in the upstream and mid-feeder
sections toward a near-threshold condition at the remote end of the feeder. Under such conditions,
deterministic threshold exceedance alone is insufficient for evaluating practical pickup reliability.
The uncertainty-bounded residual-current envelope is presented in Fig. 6, the corresponding pickup-
margin profile is shown in Fig. 7, and the associated numerical results are summarized in Table 5.

 

Fig. 6. Residual earth-fault current profile along the feeder with associated uncertainty bounds
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Fig. 7. Detection margin as a function of fault distance along the feeder

Table 5. Summary of fault distance, residual current, detection margin, and probability of detection

Simulation Distance [km] Residual current 3I0 [A] Margin M [A] Detection probability Pdet

1 0.94 350.577 50.577 0.99985
2 1.88 344.098 44.098 0.99980
3 2.82 337.855 37.855 0.99675
4 3.76 331.834 31.834 0.99090
5 4.70 326.025 26.025 0.97750
6 5.64 320.416 20.416 0.94380
7 6.58 314.997 14.997 0.88190
8 7.52 309.760 9.760 0.78715
9 8.46 304.695 4.695 0.64955
10 9.40 299.793 –0.207 0.48965

The residual-current uncertainty envelope shown in Fig. 6 confirms that the available pickup
margin decreases progressively with increasing feeder distance. In the upstream feeder region, the
uncertainty bounds remain clearly above the pickup threshold, indicating stable operating conditions
with sufficient deterministic headroom. Toward the remote feeder sections, the uncertainty interval
approaches and eventually intersects the threshold region, indicating increased sensitivity of
indicator operation to relatively small residual-current variations.

The pickup margin decreases approximately linearly from about 50 A near the sending end to
zero near the feeder endpoint. When the margin falls below approximately 10 A, corresponding to
the 7.5–8 km region, the indicator enters a low-headroom operating regime in which relatively
small residual-current variations become operationally significant. In the final feeder section, where
the deterministic margin remains within approximately ±5 A of the threshold, the pickup decision
becomes highly sensitive to uncertainty. This behaviour is reflected in the probability-of-detection
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profile shown in Fig. 8. The values summarized in Table 5 show that the probability of detection
decreases from 0.99985 at 0.94 km to 0.97750 at the installed location, then to 0.64955 at 8.46 km,
and finally to 0.48965 at the feeder endpoint. The obtained results indicate a gradual transition
from deterministic threshold exceedance toward uncertainty-dominated probabilistic operation as
feeder distance increases.

 

Fig. 8. Probability of fault detection as a function of fault distance obtained from Monte Carlo simulation

A field event reported by the utility operator was additionally used for consistency checking of
the simulated residual-current profile. The operational event data obtained from SCADA records
are summarized in Table 6, while the comparison between measured and simulated residual-current
values is presented in Fig. 9.

Table 6. Operational earth-fault event used for consistency checking

Parameter Value

Event date 09 January 2025

Event times 17:55 and 18:43–18:44

Feeder F-ZHURI

Voltage level 35 kV

Approximate fault location 7.43 km

Measured residual current 306 A

Simulated residual current near same section 309.760 A at 7.52 km

Difference approximately 3.760 A

Initial event TRIP/momentary fault

Later event TRIP/permanent fault

SCADA registration Fault detect events registered
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Fig. 9. Simulated residual-current profile together with utility-reported earth-fault event location and measured

residual current

The reported event was registered at an approximate distance of 7.43 km with a measured
residual current of 306 A. The corresponding simulated value near the same feeder section
equals 309.760 A at 7.52 km, resulting in a deviation of approximately 3.760 A, or about 1.2%.
Considering the uncertainties associated with fault-location estimation, measurement accuracy,
and operational conditions, the obtained agreement is satisfactory for practical feeder-level analysis.
The agreement supports the engineering consistency of the adopted feeder model.

The recorded event is located close to the operating region where the residual current approaches
the configured pickup threshold of the fault passage indicator. Under such conditions, relatively
small current variations may influence threshold exceedance and indicator operation. The operational
event therefore supports the probabilistic detectability behaviour identified in the previous analysis,
particularly in the remote feeder sections where the available pickup margin becomes limited. The
SCADA event sequence additionally confirms the expected operating behaviour of the installed
non-directional fault passage indicator during momentary and permanent earth-fault conditions.

The effect of pickup-threshold selection is examined in Fig. 10, which shows current margin
as a function of feeder distance for pickup settings of 280 A, 290 A, 300 A, and 310 A. The
corresponding detection probabilities are presented in Fig. 11. The results show that relatively small
threshold adjustments produce substantial changes in effective detection coverage along the feeder.
For the deployed 300 A threshold, operation remains highly reliable at the indicator location, but
reliability decreases rapidly once the deterministic margin collapses in the distal feeder section.
Lowering the threshold to 290 A preserves positive nominal headroom across almost the full feeder,
whereas increasing the threshold to 310 A shifts the zero-margin intersection upstream.

Under the adopted uncertainty model, the effect is nonlinear. Reducing the mean margin from
approximately 26 A to about 5 A decreases the detection probability from about 0.98 to about 0.65.
At the feeder endpoint, where the nominal operating point approaches the configured threshold,
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Fig. 10. Current margin versus feeder distance for multiple pickup thresholds

 
Fig. 11. Detection probability versus feeder distance for different pickup thresholds

the probability of detection decreases to approximately 0.49. The obtained behaviour confirms
that the transition from deterministic to probabilistic operation develops progressively as the
residual-current margin approaches the pickup threshold of the installed indicator.

The influence of uncertainty magnitude is isolated in Fig. 12, where the same nominal residual-
current profile is evaluated using dispersion levels of 2%, 4%, 6%, and 8%. In upstream sections,
where deterministic headroom remains large, the probability of detection is weakly affected by
uncertainty. In contrast, once the mean operating point approaches the threshold, dispersion
becomes the controlling factor. Under the adopted model, increasing uncertainty broadens the
transition region and accelerates the decline in distal-end reliability. The effect becomes most
pronounced in the low-margin operating region beyond approximately 7 km, where relatively
small variations in residual current significantly affect threshold exceedance probability. This
behaviour is characteristic of threshold-based devices operating near their decision boundary.
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Fig. 12. Detection probability sensitivity to uncertainty level

In addition to pickup-threshold and uncertainty sensitivity, the revised analysis includes
the influence of fault resistance. This addition was introduced because resistive earth faults
can significantly reduce residual-current magnitude and therefore change the probability that
a fixed-threshold indicator will operate. The fault-resistance cases are treated as a parametric
sensitivity extension based on the existing residual-current profile and are not presented as
additional PowerFactory recalculations. The base case corresponds to 𝑅 𝑓 = 0 Ω, while additional
resistive-fault conditions are evaluated for 𝑅 𝑓 = 10 Ω, 𝑅 𝑓 = 50 Ω, and 𝑅 𝑓 = 100 Ω.

The results presented in Table 7 show that the residual-current magnitude decreases significantly
with increasing fault resistance. Under the solid-fault condition 𝑅 𝑓 = 0 Ω, the simulated residual
current remains close to the 300 A pickup threshold along the entire feeder length, decreasing from
350.58 A near the source side to 299.79 A at the remote end of the feeder. When resistive-fault
conditions are introduced, the residual-current profile changes substantially. For 𝑅 𝑓 = 10 Ω, the
residual current decreases below the 300 A pickup threshold along the entire feeder, including
locations close to the source substation. Additional increases in fault resistance produce a further
reduction of residual-current magnitude. For 𝑅 𝑓 = 50 Ω and 𝑅 𝑓 = 100 Ω, the calculated
residual-current values remain considerably below the pickup setting throughout the investigated
corridor. The obtained results show that practical detectability is governed by the combined
influence of feeder attenuation, pickup threshold, and fault resistance rather than by feeder distance
alone. The obtained trends should be interpreted together with the isolated-neutral grounding
configuration adopted for the investigated 35 kV feeder, since grounding practice directly influences
residual-current magnitude during single-phase-to-earth faults.

Figure 13 illustrates the corresponding detection-probability profiles obtained for different
fault-resistance conditions.

Under the solid-fault assumption 𝑅 𝑓 = 0 Ω, the detection probability remains close to unity
over a large portion of the feeder and decreases progressively toward the remote end, where the
residual current approaches the pickup threshold. For 𝑅 𝑓 = 10 Ω, the probability of detection
decreases sharply even at short feeder distances, confirming that relatively small increases in
fault resistance may significantly affect indicator operation. Under 𝑅 𝑓 = 50 Ω and 𝑅 𝑓 = 100 Ω,
the predicted detection probability approaches zero across the entire feeder length because the
residual-current magnitude remains substantially below the adopted pickup setting.
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Table 7. Fault-resistance sensitivity of residual-current detectability

Distance
[km]

Residual current
3I0 at Rf = 0 𝛀 [A]

Residual current
3I0 at Rf = 10 𝛀 [A]

Residual current
3I0 at Rf = 50 𝛀 [A]

Residual current
3I0 at Rf = 100 𝛀 [A]

0.94 350.58 298.75 187.73 128.19

1.88 344.10 294.03 185.86 127.31

2.82 337.86 289.46 184.02 126.45

3.76 331.83 285.03 182.22 125.59

4.70 326.03 280.73 180.45 124.75

5.64 320.42 276.56 178.72 123.92

6.58 315.00 272.52 177.02 123.10

7.52 309.76 268.59 175.36 122.29

8.46 304.70 264.77 173.72 121.50

9.40 299.79 261.06 172.12 120.71

 
Fig. 13. Detection probability along the feeder under different fault-resistance conditions

The reliability-distance limits summarized in Table 8 quantify the operational consequences
of increasing fault resistance. For the solid-fault condition 𝑅 𝑓 = 0 Ω, the deterministic detection
limit extends to approximately 9.36 km, while the high-reliability operating regions are reduced
to 5.48 km for 𝑃det ≥ 0.95 and 7.37 km for 𝑃det ≥ 0.80. Once resistive-fault conditions are
introduced, these operational limits collapse rapidly. For 𝑅 𝑓 = 10 Ω, the calculated probabilities
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remain below the adopted reliability criteria over the entire feeder length, resulting in zero
reliability-distance coverage according to the selected thresholds. The same behaviour is observed
for 𝑅 𝑓 = 50 Ω and 𝑅 𝑓 = 100 Ω, where the predicted detection probability becomes negligible.
The analysis therefore confirms that resistive-fault behaviour must be considered when evaluating
practical FPI deployment limits in medium-voltage feeders.

Table 8. Reliability-distance limits under different fault-resistance conditions

Fault resistance
Rf [𝛀]

MaxDist
M ≥ 0 [km]

MaxDist
Pdet ≥ 0.95 [km]

MaxDist
Pdet ≥ 0.80 [km] Pmin Pavg

0 9.36 5.48 7.37 0.493 0.872

10 0.00 0.00 0.00 0.0001 0.111

50 0.00 0.00 0.00 0.0000 0.000

100 0.00 0.00 0.00 0.0000 0.000

The influence of feeder electrical length is further examined through parametric feeder-length
scenarios. The investigated 9.4 km feeder was used as the reference case (Table 9),and three
additional scenarios were considered for 6 km, 12 km, and 18 km using the same pickup threshold
and the same modelling assumptions. The deterministic margin trajectories are shown in Fig. 14,
and the corresponding detection probabilities as a function of normalized distance are shown in
Fig. 15. The compact feeder maintains positive headroom over nearly its full length, whereas
the long-feeder scenario approaches the pickup boundary as feeder electrical length increases.
As feeder electrical length increases, the available residual-current margin decreases progressively,
causing the probability-of-detection transition region to shift toward shorter normalized distances.

Table 9. Reliability distance limits as a function of pickup threshold

Pickup
threshold [A]

Max. distance
M ≥ 0 [km]

Max. distance
Pdet ≥ 0.95 [km]

Max. distance
Pdet ≥ 0.80 [km] Pmin Pmax / Pavg

280 9.4 9.4 9.4 0.95059 1 / 0.99172

290 9.4 7.3607 9.3287 0.79293 0.99999 / 0.95872

300 9.3603 5.4789 7.3726 0.49311 0.99984 / 0.87205

310 7.4769 3.7602 5.5619 0.19734 0.9981 / 0.72795

To further support the practical relevance of the feeder-length sensitivity analysis, additional
utility-provided data were reviewed for another 35 kV overhead corridor with a total length of
approximately 21 km and Al/Ce 95/15 conductor configuration. The feeder operates within the
same regional network environment and exhibits line parameters of 𝑅1 = 6.72 Ω, 𝑋1 = 8.23 Ω,
𝑅0 = 20.16 Ω, and 𝑋0 = 24.69 Ω. The reviewed utility data additionally confirm the presence of
long 35 kV overhead feeders within the same operating network.
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Fig. 14. Detection margin as a function of normalized feeder distance for representative feeder scenarios

 

Fig. 15. Detection probability versus normalized feeder distance for representative feeder scenarios

The reliability metrics for the representative feeder-length scenarios are summarized in Table 10.
Under the common 300 A pickup threshold, the compact feeder maintains high detectability
over nearly its full length, whereas the medium and long-feeder scenarios exhibit a progressive
reduction in reliable coverage. For the investigated 9.4 km feeder, the interpolated reliability limits
are 9.3603 km for nonnegative deterministic margin, 5.4789 km for a detection probability of at
least 0.95, and 7.3726 km for a detection probability of at least 0.80.

The long-feeder scenario exhibits the strongest degradation of detectability performance. In the
18 km case, the minimum probability of detection decreases to 0.012, indicating that substantial
portions of the feeder operate close to or below the adopted pickup threshold.

The combined results show that feeder distance, pickup threshold, uncertainty level, and
fault resistance jointly determine practical detectability limits of fixed-threshold FPIs. Under the
adopted modelling assumptions, the deployed 300 A threshold remains operationally acceptable at
the present indicator location but does not provide uniformly high reliability over the full feeder
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Table 10. Reliability limits across representative feeder scenarios for a 300 A pickup threshold

Feeder Length
[km]

MaxDist
M ≥ 0 [km]

MaxDist
P ≥ 0.95 [km]

MaxDist
P ≥ 0.80 [km] Pmin Pmax Pavg

Real feeder,
Prizreni 1–Zhuri

(9.4 km)
9.4 9.3603 5.4789 7.3726 0.493 1 0.872

S1 compact feeder
(6 km) 6 6 5.4 6 0.941 1 0.986

S2 medium feeder
(12 km) 12 12 7.2 9.6 0.5 1 0.884

S3 long feeder
(18 km) 18 12.6 7.2 9 0.012 1 0.646

length. The most critical operating region corresponds to the distal feeder sections, where the
residual current approaches the pickup threshold and relatively small variations in operating
conditions may influence indicator operation.

4. Conclusions

The performed analysis shows that the detectability of single-phase-to-earth faults in the
investigated 35 kV feeder is governed by the available residual-current margin relative to the
configured pickup threshold of the fault passage indicator. IEC 60909 simulations indicate that the
residual current decreases from 350.577 A near the sending-end substation to 299.793 A at the
feeder endpoint, corresponding to an attenuation of approximately 14.5% along the 9.4 km feeder.
As the residual-current margin approaches the pickup threshold, fault indication progressively
shifts from deterministic operation toward uncertainty-sensitive probabilistic behaviour.

For the deployed 300 A pickup threshold, the installed indicator location at 4.70 km maintains
satisfactory operating margin and a detection probability of approximately 0.98. In contrast,
the distal feeder sections operate close to the pickup boundary, where the detection probability
decreases to approximately 0.49. The results additionally show that relatively small threshold
variations significantly influence practical monitoring coverage and reliability-distance limits.

The additional fault-resistance analysis demonstrated that resistive-fault conditions substantially
reduce residual-current magnitude and detection probability under fixed-threshold operation. Under
increased fault resistance, the residual current decreases below the pickup setting over large portions
of the feeder, resulting in rapid degradation of practical detectability. The comparative feeder-length
analysis further confirmed that long feeders operate with substantially reduced reliability margins
under the same pickup threshold.

Experimental current-injection tests verified correct relay-event transmission through the
relay–RTU–SCADA communication chain, while comparison with a utility-reported earth-fault
event showed satisfactory agreement between simulated and measured residual-current values.
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The obtained detectability limitations are therefore associated primarily with feeder electrical
conditions rather than communication failure within the supervisory infrastructure.

The presented framework combines deterministic short-circuit analysis with probabilistic
threshold-exceedance evaluation and sensitivity analysis of pickup threshold, uncertainty level,
fault resistance, and feeder electrical length. Under the adopted modelling assumptions, the
deployed 300 A pickup threshold remains operationally acceptable at the present indicator location
but does not provide uniformly high reliability over the full feeder length.

Future work should include explicit modelling of grounding impedance, additional field-based
calibration of uncertainty parameters, and evaluation of adaptive pickup strategies for improving
earth-fault detectability in medium-voltage distribution feeders.
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