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Abstract—This paper evaluates the performance of phasor-
based and traveling-wave fault-location techniques for subma-
rine export cables in offshore wind farms that utilize grid-
following Type-4 inverter-based resources (IBRs). A detailed
electromagnetic transient (EMT) model of the Horns Rev 2
offshore wind farm is used to evaluate four phasor-based
techniques (impedance-based, simple reactance, Takagi, and
modified Takagi) and two traveling-wave techniques (single-
ended and double-ended). Among the phasor-based methods,
the simple reactance and modified Takagi approaches provide
the most consistent estimates, although both require approx-
imately 50-60 ms for transient stabilization. In contrast, the
single-ended and double-ended traveling-wave methods achieve
the highest location accuracy, supported by transformer stray
capacitances that preserve high-frequency wavefronts at the
IBR side. The results offer guidance for selecting reliable fault-
location techniques for offshore wind export cable protection
and monitoring.

Index Terms—Fault Location, Traveling waves, Submarine
cables, Offshore Wind farm, Grid-following.

1. INTRODUCTION

The expansion of offshore wind farms (OWFs) has led
to increasingly large projects located farther from shore to
harness stronger and more stable wind resources. These
installations rely on long high-voltage AC (HVAC) sub-
marine export cables to transfer power from the offshore
collection system to the onshore grid. As a result, submarine
export cables have become critical components of modern
transmission infrastructure, exhibiting electrical and opera-
tional characteristics that differ significantly from those of
conventional onshore systems [1].

Faults in submarine cables are particularly severe, of-
ten causing permanent insulation damage that necessitates
costly and time-consuming offshore repairs. Therefore, fast
detection and accurate fault location are essential to reduce
downtime and ensure OWF availability [2]. Traditional diag-
nostic techniques such as time-domain reflectometry (TDR)
and bridge methods [3], [4] can locate faults but require
external test equipment and do not provide continuous online
monitoring.

Accurate online fault location is challenging because sub-
marine cables exhibit higher capacitance, stronger frequency-
dependent attenuation, and sheath—armour electromagnetic
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coupling, which challenge both transient and phasor-based
fault-location accuracy [5]. These difficulties are further
amplified in OWFs dominated by grid-following Type-4
inverter-based resources (IBRs), where fault current is shaped
by control dynamics rather than electromechanical system
response. As a result, the apparent impedance no longer
reflects the physical line impedance, reducing the reliability
of distance-based estimation [6].

Traveling-wave (TW) methods address these limitations
by exploiting the arrival times of high-frequency transients
and can provide faster, more accurate fault location [7].
However, such approaches often require high sampling rates
and, in double-ended configurations, precise time synchro-
nization between terminals, which increases implementation
complexity [8].

In order to provide a performance assessment under real-
istic offshore conditions, this paper presents a comparative
evaluation of phasor- and traveling-wave-based fault-location
techniques applied to the submarine export cables of the
Horns Rev2 OWF [9]. The analysis focuses on the influence
of fault resistance, location, and inception angle on the
accuracy, robustness, and response time of each method,
aiming to identify the most suitable approaches for offshore
applications. Among the phasor-based methods evaluated, the
Simple Reactance Method and the Modified Takagi Method
provided the most accurate fault-location estimates; however,
both required approximately 50 ms of post-fault transient
decay before a stable result could be obtained. In contrast,
the single-ended and double-ended traveling-wave methods
delivered reliable fault-location results without requiring a
stabilization period.

II. PHASOR-BASED FAULT LOCATION TECHNIQUES

This work examines state-of-the-art single-ended
fault-location methods [10], which estimate the fault
position from voltage and current phasors measured at the
offshore wind-farm busbar.

A. Impedance-Based Method (IMBM)

The impedance-based fault location method estimates the
distance to the fault using voltage and current measurements
obtained from a single terminal of the line [11]. The voltage
drop from the sending end can be expressed as:

Vs =m Z Is + Rr I (1

For a single-phase-to-ground fault in phase A, the sending-
end voltage and current are defined as Vs = V., and Is =



1, + k- 31y, where the coefficient k accounts for the mutual
coupling between sequence networks and is given by k =

Zl?fZ;jOL. The apparent impedance seen from the relay is
calculated as Z,p, = ‘I/TS Finally, the fault location index

mrr is obtained by comparing the apparent impedance with
the positive-sequence line impedance:

Zapp>
mrr = Re| — 2
LF <Z1L )

B. Simple Reactance Method (SRM)

The simple reactance method is a similar version of the
IMBM, where only the reactive component of the apparent
impedance is used to estimate the fault location [11]. Ne-
glecting the effect of the fault resistance term Rplp in (1),
the fault distance can be directly obtained as:

Im(Zatpp)

Im(ZlL) (3)

mrLr =

C. Takagi Method (TAKM)

The Takagi approach utilizes both pre-fault and fault
measurements. It enhances the accuracy of the simple re-
actance method [12] by compensating for the influence of
load current and reducing the effect of fault resistance. The
method employs an incremental current Alg, calculated
using the pre-fault current as Alg = Is — Ipre.

The distance-to-fault my r is expressed as:

Im(Vs AL
— (Vs AL)

- Im(ZlLIs A];) (4)

D. Modified Takagi Method (MTAKM)

The Modified Takagi Method (MTAKM) eliminates the
need for incremental quantities. Therefore, it does not require
pre-fault data [11]. The distance to the fault myr can be
expressed as:

Im (Vs (3Ip)e 7"

T Im (2 Is (3Ip)e—i7T) )

mLr

Where, 31, denotes the measured zero-sequence current,
and T represents the angle selected to align the phasors for
a specific fault location along the line. The exponential term
e 9T provides a phase shift that compensates for system
operating conditions and improves fault-location estimation.
However, the validity of the selected angle T' corresponds to
a single fault location, as explained in [11].

III. TRAVELING-WAVE-BASED FAULT LOCATION
TECHNIQUES

The fault location is obtained from the arrival times of
the incident and reflected traveling waves (TW). For this
paper, the filter considered for extraction is the Differen-
tiator—Smoother (DS) filter [13]. The filter output converts
the step-like transients into triangular pulses, preserving their
amplitude and polarity for accurate time detection.
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A. Single-Ended TW Method (SETWM)

This method relies solely on local measurements at the
sending terminal [14]. Let ¢1; denote the arrival time of the
first incident traveling wave, and t13 the arrival time of the
first reflected traveling wave at the same terminal. The fault
location d can be determined as:

d= g (tis —t11) (6)

where v represents the propagation velocity in the cable.
Although straightforward to implement, this method requires
clear, distinguishable detection of the reflected wave to
ensure accurate fault location.

B. Double-Ended TW Method (DETWM)

In the double-ended scheme, incident waves are detected
at both terminals [14]. Let t;; and t9; denote the arrival
times of the first incident waves at the local and remote ends,
respectively, and L the total line length. The fault distance
from the local terminal is given by:

1
d: i[L_U(tm_tll)] (7)

Compared with the single-ended approach, this method
achieves higher accuracy but requires communication and
time synchronization between terminals.

IV. TEST SYSTEM DESCRIPTION

The system shown in Fig. 1, based on [9], represents the
Horns Rev 2 offshore wind farm connected to the Danish grid
through a hybrid transmission link consisting of submarine
and underground cables. The offshore wind farm is modeled
using a generic grid-following control [15] of a Type-4
configuration. It consists of 91 turbines with a total rated
power of 215 MW. The farm is connected to a 220 MVA,
35/35/165 kV three-winding transformer and to a 42 km
HVAC submarine export cable, followed by 2.3 km and 55.4
km underground cables. Due to the significant reactive power
generated by the long cable sections, a shunt reactor of 80
MVAr is installed between the two underground cables. Two
additional shunt reactors (80 MVAr and 40 MVAr) are placed
at the Endrup onshore substation. The bulk power system,
represented by a three-phase voltage source, is connected to
Endrup through a 400 MVA, 167.6/410 kV autotransformer.
In the simulation, the generator rating is scaled to 5.2 MVA,
representing an equivalent aggregation of 46 identical wind-
farm systems.

Table I lists the wind-farm control parameters. The HV
export cable is a submarine pipe-type with grounded sheaths
and pipe at both ends. The 2.3 km underground cable
comprises three cross-bonded, grounded sections. The 55.4
km underground cable has 11 major sections, each with
three cross-bonded minor sections, grounded at both ends.
Transformer stray capacitances for TW analysis are in Table
II. Current is measured via current transformers using the
Jiles—Atherton model [16], and voltage via coupling voltage
transformers [17]. Sampling rates are 1 MHz for traveling
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Fig. 1. Offshore wind farm system connected through a submarine cable

TABLE I
WIND TURBINE SPECIFICATIONS.

Component

Modelling parameters

Permanent Magnet Synchronous Generator (PMSG)
AC-DC-AC converter

DC link chopper

Filter with phase reactor

WT Transformer

5.2 MVA, 0.69 kV, 30 Hz

2-level, 3-phase, IGBT-based Switching model

6 MW, ‘/activation =1.01 p-u.

Leonv = 200 pH, Cpie = 1000 puF Lgamp = 1 pH, Cgamp = 500 uF, Ryamp = 1.02 2
5.8 MVA, 0.69/33 kV, 50 Hz, X; = 0.08 p.u.

waves and 3.2 kHz (64 samples/cycle) for phasors. Phasors
are computed using a fast Fourier transform with 31 harmon-
ics and an anti-aliasing filter.

TABLE 1T
STRAY CAPACITANCES OF THE THREE-WINDING TRANSFORMER
Parameter  Value (nF)
Cy 24
Cyr, 7.0
Cr 7.0
Cur 6.0
Cur 6.0
Crr 6.0
Cbusbar 7.0

V. FAULT LOCATION ANALYSIS IN WIND FARMS
A. Phasor-based methods

All the faults considered in this section are single-line-
to-ground faults SL.G) applied on phase A at the midpoint
of the submarine cable. The fault resistance is varied from
1 to 20 €2, and the corresponding apparent impedance (Z 4p)
is shown in Fig. 2, along with the operating zones of a
traditional distance relay, to illustrate the impact of fault
resistance. As the fault resistance increases, Zap shifts
toward higher resistive values, indicating a strong sensitivity
of the estimated impedance to the fault resistance. The
reactive component, however, is much less affected, as all
trajectories converge to nearly the same value along the
imaginary axis. In this case, the resistive reach is limited
to 30€2, so Z4p remains outside the relay operating zone
when the fault resistance exceeds this limit, resulting in a
failure of the low-resistance-reach distance element to detect
the fault.

Using the fault-location methods described in Section II,
the estimated fault locations are shown in Figs. 3 and 4. Fig. 3
shows that the IMBM is highly sensitive to fault resistance.
For R = 11, the estimated location is mpy, = 0.5253, which
is close to the actual value of 0.5. However, for R = 5, 10,
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Fig. 2. Apparent impedance calculated at the onshore substation.

and 20 €2, the method yields mpy > 1, resulting in incorrect
fault-location estimates. This occurs because the IMBM does
not account for the resistive voltage drop across the fault,
and because the contribution of current from the grid side
dominates the apparent impedance seen at the relay.
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Time (ms)

Fig. 3. Fault location using IMBM

Conversely, Fig. 4 shows that the SRM is less affected by
the fault resistance. After a transient period of approximately
50 to 60 ms, the steady-state estimates converge to values
closer to the true location: mgy = 0.499, 0.6153, 0.677,
and 0.6257 for R = 1, 5, 10, and 20 (2, respectively. Since
the SRM relies primarily on the reactive component, which
remains relatively stable under varying fault resistance, it
provides more reliable fault-location performance for subma-
rine cables connected to grid-following wind farms, although
some deviation persists at high fault resistance.

Fig. 5 presents the reactance calculation during the fault,
which is consistent with the results shown in Fig. 4.
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Fig. 5. Reactance calculation during faults

Fig. 6 depicts the calculation when the TAKM is used.
This method is severely affected when considering the fault
resistance in the simulations. It is shown that for the R = 1,
the method calculates the fault for mp;, = 0.752. For the
other cases, the TAKM fails to calculate the fault location
since m gy, exceeds the value of 1, which demonstrates how
the Takagi method is also significantly impacted by the fault
resistance.

40 5 —R =10
—R =50
-—— —R = 109
b —~——
5 2 0 —R = 209
s 3600 3620
0
-20 L L L L L I}
3550 3560 3570 3580 3590 3600 3610 3620

Time (ms)
Fig. 6. Fault Location using TAKM

Fig. 7 shows the results obtained using the MTAKM. In
this case, an angle 7' = 15° is considered. Compared to
TAKM, this method achieves better results. However, it is
still affected by the fault resistance. For a fault resistance
of R = 11}, the estimated location is mpgy = 0.561. For
R =5, 10, and 20 2, the values are mpy, = 0.77, 0.838, and
0.562, respectively. Although the inclusion of the angle 7" in
(5) improves the TAKM performance, this angle is selected
assuming a fixed fault angle current 7". Therefore, the actual
optimal angle 7" should vary depending on both the fault
location and the fault resistance. However, this angle cannot
be determined in advance [11].
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Fig. 7. Fault location using MTAKM
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B. TW based methods

A phase-A SLG fault at the cable midpoint was simu-
lated with R = 1 . Fig. 8 illustrates the resulting fault
currents at both terminals of the submarine cable. A high
sampling frequency of 1 MHz was utilized to capture the
high-frequency transients associated with the arriving TWs.
This sampling rate is compatible with the bandwidth of
modern current transformers and is already supported by
commercially available time-domain relays [13]. To isolate
these TWs, a DS filter was applied to the current signals,
followed by a simple thresholding technique to precisely
determine the TW arrival time at each terminal.
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Fig. 8. Phase-A-to-ground fault at mid of the export cable

Fig. 9 shows the phase-A current I; (blue) and the
corresponding DS-filtered signal TWiy, (red) measured at the
local terminal. The DS-filtered signal clearly reveals the TW
arrivals, indicating that the transformer stray capacitances
preserve the high-frequency components required for TW
detection [18]. The first TW arrival is detected at 3549.107
ms, and the first reflection is at 3549.319 ms. Consider-
ing a propagation velocity of 200,000 km/s, the SETWM
estimates the fault location at 21.2 km, corresponding to
mrrp = 0.5048.
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Fig. 9. TWs measured from the IBR side

Similarly, Fig. 10 shows the phase-A current measured
at the remote terminal. Although the waveform is more
attenuated due to the attenuation of the long submarine cable,
the DS-filtered signal still exhibits a clear peak that exceeds
the detection threshold, enabling the reliable identification of
the first TW arrival at 3549.108 ms. Using the DETWM, the
fault is located at 20.9 km, corresponding to mrr = 0.4976.
In this case, the DETWM provides slightly better accuracy
than the SETWM, with a difference of approximately 100 m.
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Fig. 10. TWs measured from the grid side
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C. Comparison of methods

This section presents the percentage error used to compare
the different methods under variations in fault resistance,
fault location, and fault inception angle. Table III shows
that fault resistance significantly affects phasor-based fault
location methods. Among these, the SRM and MTKM yield
the most accurate estimates. However, the SETWM and
DETWM clearly outperform all phasor-based approaches,
achieving superior precision through transient analysis at the
us scale.

Tables IV and V also show that the SRM and MTKM
are the most accurate single-ended phasor-based techniques.
In contrast, the SETWM and DETWM provide the most
reliable fault-location performance overall, except for cases
where the fault inception angle is 0°, where their accuracy
is highly reduced. The choice of phasor calculation methods
and sampling frequency may alter results only during the
transient, not in the steady state during the fault, so the results
can be regarded as representative of standard impedance-
based fault location performance.

TABLE III
PERFORMANCE FOR DIFFERENT FAULT RESISTANCES IN [%]
Resistance [2] | IMBM SRM TAKM MTAKM SETWM DETWM
1 38 2.53 25.2 6.1 0.48 0.24
5 173 12 108 27 0.48 0.24
10 308 13 181 34 0.48 0.24
20 496 18 259 6 0.48 0.24
TABLE IV

PERFORMANCE FOR DIFFERENT FAULT INCEPTION ANGLES IN [%]

Angle[IMBM SRM TAKM MTAKM SETWM DETWM
0° 37 2.53 28.3 6.8 2.62 0.714
30° | 392 333 252 6.1 0.48 0.24
45° | 343 285 252 6.3 0.48 0.24
60° | 327 253 25.6 6.1 0.48 0.24
90° 38 2.53 252 6.2 0.48 0.24

TABLE V
PERFORMANCE FOR DIFFERENT FAULT LOCATION IN [%]
Location [%] | IMBM SRM TAKM MTAKM SETWM DETWM

10 38 2.1 25.7 6.1 0.48 0.24
30 38 2.11 24.5 73 0.48 0.24
50 42 2.53 25.6 72 0.48 0.24
80 44 4.14 27.3 79 0.714 0.24
90 49.5 5.7 27.1 8.3 0.714 0.48

VI. CONCLUSIONS

This paper presented a performance assessment of fault-
location techniques based on impedance and traveling-wave
principles for submarine export cables connecting Type-
4 GFL offshore wind farms. Among the impedance-based
approaches, the Simple Reactance Method and the Modified
Takagi Method exhibited the best overall accuracy. However,
both are susceptible to transient settling times of 50-60 ms,
driven by the dynamic response of GFL IBRs. If a fault is
cleared before stabilization, location errors can exceed 100%.
In contrast, the traveling-wave-based techniques (SETWM
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and DETWM) demonstrated superior accuracy and robust-
ness. Their reliability was maintained under different fault
conditions, supported by stray capacitances on the IBR-
side transformers that enable detection of the first wavefront
arrivals at the offshore terminal.
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