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SUMMARY

The environmental issues associated with the use of fossil fuel-based sources have led the world to
search for cleaner alternatives to generate electrical energy. Renewable sources have appeared as
promising solutions, being interconnected to power networks worldwide. With the large-scale
integration of such inverter-based resources (IBRs), new challenges to the system operation are verified
due to their atypical transient responses, which impacts the performance of classical fault locators. In
this paper, the challenges faced by impedance- and traveling wave (TW)-based fault location techniques
due to IBR operation are addressed, highlighting the trends to deal with the unconventional IBR transient
responses. To do so, EMTP fault simulations, carried out at the Power System Simulator (PS Simul)
software, are applied in a 230 kV/60 Hz test system, modelled with actual parameters taken from a real
Brazilian power network. Full-converter-based wind generators and their associated controls are taken
into account during the studies. In each simulation, comparative analysis is carried out with the voltage
and current measurements taken from both conventional power source bus and wind farm power plant
terminal. From the obtained results, it is demonstrated how the estimated phasors are affected by the
wind farm control dynamics, as well as how the fault-induced TW patterns are impacted by the IBR
operation, especially for single-ended purposes.
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INTRODUCTION

With the concern about environmental issues and the continuous growth in energy demand, the use of
renewable energy sources (RESSs) to generate electricity have increased worldwide, with the wind farms
representing one of the biggest increases in the last years [1]. In 2019, for example, the estimated power
capacity of such RES was about 623 MW, reaching a value around 1.017 GW in 2023 [2]. As a result,
the wind farms have become key elements in the energy supply process and in the grid operation.

On the other hand, the high penetration of such power plants into the network have led the independent
system operators to explore new ways to require the wind farms support during disturbance events, such
as in voltage and frequency control strategies, for example [1], [3]. However, with the integration of
such inverter-based resources (IBRs) into the power grid, challenges arise in maintaining the system
stability and resilience, mainly due to their intermittent behavior and the inherent low inertia [1], [3]. As
a consequence, unconventional operational and control-dependent characteristics are noticed, affecting
the performance of classical protective relays and fault location functions [4], [5].

Basically, in cases of short-circuit occurrences in transmission lines (TLs), the utilities need to quickly
identify the fault distance in order to speed up the system restoration process and to minimize economic
losses [6]. In this scenario, researches and commercially-available solutions have moved toward the
development of reliable and faster fault location functionalities, by using technologies such as
impedance- and travelling wave (TW)-based techniques. Their performances are well-investigated in
conventional (high-inertia) power grids and their challenges are commonly reported in the literature,
such as the impacts of DC decaying components, loading effects and system non-homogeneity for
phasor-based approaches [6], [7], for example, as well as the presence of noise-contaminated
measurements for low fault inception angles and difficulties in properly time-stamping the Global
Positioning System for TW-based methods [6], [8].

Although various studies are reported about the application of different types of fault location methods
in conventional networks [6-10], the analyses regarding the impacts of IBRs interconnecting TLs still
demand more investigations. Essentially, most of the reported works evaluate the impacts of IBRs on
some protection functions, such as on distance, directional and phase-selection elements, even proposing
strategies to modify the IBR controls to improve the protection operation [4], [5], [11]. Some works
have also evaluated the impacts of IBRs on the fault location performance, by using impedance- or TW-
based techniques [12], [13], but they typically do not investigate in detail such impacts on the phasor
estimation process neither on the fault-induced TWs, especially when single-ended methods are taken
into account. Works that analyze the combination of both strategies are also scarcely reported.

As a consequence, the effects on phasor estimation and fault-induced TWSs during disturbances on lines
interconnected by IBRs still need further studies, and a work that join both types of techniques with
detailed analysis can assist utilities and researches to clarify such aspects. As a result, a more solid
understanding about such topic is provided in this paper, which is able to provide the basis for the
development of future improved solutions in RESs applications. These facts are the main motivation of
this work.

Therefore, to demonstrate and address the challenges faced by both impedance- and TW-based fault
location applications due to IBR integration into the power network, simulated oscillographic records
are considered. From the impedance-based routines, the phasors are estimated by means of fixed size
data windows, whose procedures are commonly used in the field. From the TW-based perspective, the
fault-induced incident and reflected surges identification are thoroughly analyzed, pointing out the
challenges that may be imposed by the IBR operation and how it impacts the fault location calculation.

A Brazilian EMTP-based platform is used to carry out the fault scenarios, named as Power System
Simulator (PS Simul). In each simulation, the fault point is varied, whose voltage and current
measurements are taken from both convencional source side and wind farm power plant bus. Thus, the
challenges faced by both impedance- and TW-based fault location methods on lines interconnected by
IBRs are thoroughly analyzed in this work, in which it is addressed potential alternative strategies and
future trends to assist the application of such techniques for RESs networks.
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THEORETICAL BACKGROUNG
¢ Impedance-Based Fault Location

Phasor estimation procedures are one of the first steps prior to the application of impedance-based fault
location algorithms. Such functionalities are typically embedded in phasor-based protective devices and
fault locators. Basically, they consist in using digital filters to extract the fundamental frequency of the
voltage and current signals measured at the TL ends, whose waveforms are taken as input data to the
fault location techniques [6], [14]. However, during short-circuit occurrences, transients with low and
high frequency components may appear superimposed to the voltage and current waveshapes, which
may affect the reliable operation of phasor-based routines.

The frequency response of a classical phasor estimation technique associated with a digital mimic filter
is shown in Fig. 1 [14], [15]. To present the complete response of the data acquisition system, a
Butterworth-type analog anti-aliasing filter was also considered for a frequency up to 8" harmonic order
(480 Hz). Such value was chosen to attend the Nyquist criteria for a typical sampling rate used in
impedance-based fault locators (960 Hz) [14].
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Fig. 1 — Frequency response of the combined phasor estimation technique, digital mimic and anti-aliasing filters.

As depicted in Fig. 1, the fundamental frequency of an input data is reliably estimated by the real (/)
and imaginary (A=) filters, providing complete attenuation of other harmonic components. Although
some attenuation of inter-harmonics and subharmonics are noticed, such frequencies may still appear
on the monitored voltage and current signals, impacting the proper estimation of the phasors.

The process for estimating phasors typically uses sliding data windows along the voltage and current
samples, whose data window can present a fixed [14] or a variable length [16], depending on the used
technique. Basically, for fixed window size strategies, the amplitude and phase of the corresponding
phasors are computed with the data samples presented in the respective window (N samples/cycle) at
each time step At. As the window slides, a new sample is added, discarding the last one. The same
procedure is carried out for variable window lengths techniques, except during the short-circuit
occurrence, in which the window is resized to consider only faulty data samples, minimizing the impacts
of the transient period that contains both pre- and post-fault samples [16]. This data window is
progressively increased up to the same size used by fixed window length routines, which takes place at
the time instant when the "steady-state” fault period is reached. An illustration of the described phasor
estimation process of both fixed and variable window size techniques is shown in Fig. 2.
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Fig. 2 — Phasor estimation process using data windows with: (a) fixed size; and (b) variable size.

As long as the voltage and current phasors are estimated, the fault location can be computed. In this
paper, a classical single-ended impedance-based method is considered [17], taking into account a phasor
estimation process with a fixed data window length, as commonly applied in the field. Essentially, the
fault location algorithm estimates the apparent impedance between the monitored TL end and the fault
point to estimate the short-circuit distance, as:

_im(Vg - AIZ)
Cim(Zy, I - ALY

)

in which "im" is the imaginary part, I; and 7, are the estimated current and voltage phasors measured
at the monitored TL bus, respectively, and Al is the incremental current phasor. The values of fG, VG
and Al; depend on the short-circuit type [6], [7].

e TW-Based Fault Location

The fundamental principle behind TW-based solutions relies on the identification of the first fault-
induced surges at the monitored TL terminals [6], [8], [9]. After the short-circuit inception, TWSs
propagate forth and back along the TL, as illustrated in the simplified power grid shown in Fig. 3 for a
short-circuit at d km away from the local bus.

d F

Fig. 3 — Propagation of fault-induced TWs in a simplified power grid.

Basically, single-ended TW-based fault location algorithms depend on the detection of the fault-induced
incident wave, at the time instant t;,, and its correspondent reflected TW, at time t; .. This time delay ©

can be used to estimate d as [6], [8]:
v-T-At
=— 2
being v the TW propagation speed.

On the other hand, double-ended TW-based approaches need the detection of the fault-induced incident
TWs at both monitored TL terminals (¢, for the local bus and tg for the remote end). Such information
can be used to compute d according to [6]:

_'€+(tL—tR)U

d > ,

©)
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being ¢ the TL length. Here, only the single-ended approach is taken into account during the evaluations.
e Wind Generation Unit

In this work, full-converter-based wind generation is considered, which are typically defined as type 4.
Such wind power plants consist in a mechanical turbine, a synchronous generator, a DC link and a full-
converter [18]. The connection to the network at higher voltages is carried out by means of a transformer.
A schematic view of the type 4 wind power unit is shown in Fig. 4.

DC link

T =

Transformer

Synchronous Rectifier Inverter
generator unit unit

Fig. 4 — Schematic view of a type 4 wind power unit.

Basically, the turbine extracts the Kinetic wind energy to be used as mechanical power by the
synchronous generator, which in turn converts such power into electrical energy. In this context, the
synchronous generator is uncoupled to the grid, in which a converter-based interface is used to allow
such an interconnection to the network. As a result, the machine is able to operate under a variable range
of speeds, producing power from variable voltage and frequency [1], [3].

The power converter-based interface consists in a rectifier unit at the synchronous generator side, and
an inverter unit at the grid side. The rectifier unit converts AC voltages into DC values. In such element,
different control strategies may be implemented, but they are typically designed to track the maximum
power point, according to the wind conditions [1], [18]. During disturbance occurrences in the grid or
overvoltages at the DC link, such control strategy can operate to reduce the energy demand, limiting the
wind farm short-circuit contribution [18].

At the inverter unit side, the DC voltage is converted to AC at specified voltage and frequency. Similarly
to the rectifier element, distinct control mechanisms can be used in the inverter, but they commonly
control the power flow, active and reactive powers under the operating grid conditions.

TEST SYSTEM AND METHODOLOGY OF EVALUATIONS

The power network depicted in Fig. 5 was modeled using the PS Simul, which is an EMTP-type
Brazilian software that allows accurate representations of electromagnetic transients and control
dynamics [19]. The network consists of a 230 kV/60 Hz line 150 km long that interconnects a wind farm
to the transmission grid. Step-up transformers were taken into account to increase the voltage level from
the wind power plant side to the Thevenin equivalent bus, which represents the power network. The TLs
were modeled as fully transposed lines using a frequency-dependent model. All the parameters of the
evaluated test system were adjusted from a real Brazilian network. Besides, full-converter-based wind
generators were also considered, representing in detail nonlinear elements and their associated controls
[11]. Busbar and transformers stray capacitances of 0.1 uF were considered for the TW-based analysis,
as recommended in [13]. A time step of 1 us was used during the fault simulations.

Since the main idea relies on evaluating the impact of RESs integration on fault location technigues, an
average wind speed equal to 15 m/s was taken into account without any intermittence or disturbance.
The active and reactive powers supplied by the wind generators were controlled at 10 MW and 0 Mvar,
respectively.
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Fig. 5 — Evaluated power network

For the simulated studies, three phase short-circuits were applied at d km away from the Local bus
(Thevenin equivalent side), particularly at 15 km and 135 km. The sampling rate was taken as 1 MHz
for the TW-based analysis, whereas a sampling frequency of 960 Hz was considered for impedance-
based functions, whose frequencies are compatible with existing practical TW- and phasor-based
numerical devices. A second order low-pass Butterwoth anti-aliasing filter with cutoff frequency of 380
Hz was applied for the impedance-based application prior to estimate the voltage and current phasors,
whose filters responses are shown in Fig. 1.

The fault period was set as 6 cycles to allow comparative analysis regarding the phasor-based fault
location performances as a function of the number of cycles taken from the chosen voltage and current
samples, although it is known that protection functions would trip in faster times. In such scenarios, the
fault distances were computed by means of Eq. (1), considering up to 5 cycles after the short-circuit
inception. In each simulation, the absolute error is computed as € = |d - d|, being d the estimated fault
point.

ANALYSIS AND RESULTS

¢ Simulated Records
o Phasor-Based Analysis

The PS Simul oscillographic records were used as input data for both impedance- and TW-based fault
location functions. The voltage and current measurements, taken from the Local and Remote buses of
the power grid presented in Fig. 5, are shown in Fig. 6 for a fault applied at 15 km away from the Local
end, and in Fig. 7 for a fault taking place at 135 km. The figures at the left side are due to the Local bus,
and the ones from the right side are due to the Remote bus.

From the obtained results presented in Fig. 6, even for a fault far away from the Remote bus (wind farm
side), the voltage sag is quite evident in such terminal (see Fig. 6(b)), whose behavior is not similar to
the one presented at the Local bus (see Fig. 6(a)). The fault current contribution from the wind farm side
is significantly below from the one provided by the Local terminal (see Figs. 6(c) and (d), respectively).
In fact, the Thevenin system at the Local bus represents an equivalent of a typical power system with
high-inertia power plants, whose usual characteristic consists in high fault current contributions. As a
result, due to the inherent feature of low-inertia and the control dynamics in limiting the short-circuit
currents for the wind generation plant, the performance of the IBR technology presents atypical
responses under disturbance conditions.

At steady-state, the voltage and current measurements taken from both Local and Remote buses present
similar harmonic contents, as expected, which are shown in the areas 1 and 2 in Fig. 6. However, during
the fault period, the voltage measured at the wind farm side presents more evident subharmonics than
the ones taken from the Local end, although their amplitude are quite lower than the fundamental
frequency (see Figs. 6(a) and (b)). For the current measurements, higher inter-harmonics are presented
at the wind plant side, whose frequency components are not completed damped by the phasor estimation
routine (vide frequency response of the system acquisition data depicted in Fig. 1), leading to some
oscillations in the corresponding current phasor (see Fig. 6(d)).
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Fig. 6 — Comparative analysis about the phasor estimation process for a fault at d = 15 km: (a) voltage at
Local bus; (b) voltage at the Remote bus; (c) current at the Local bus; and (d) current at the Remote bus.

Regarding the obtained results shown in Fig. 7 for a short-circuit at 135 km, similar analysis can be
carried out as the ones for a fault at 15 km. However, the voltage signals measured at the Remote
terminal present higher amplitudes of subharmonics and inter-harmonics, leading to greater oscillations
in the respective estimated phasors. On the other hand, as there is a significant voltage sag during the
fault period, following the wind farm control-dependent dynamics, such oscillations present themselves
with low magnitudes.

The estimated fault location estimations are presented in Table I, considering both Local and Remote
terminals as references to apply Eq. (1). It is worth mentioning that for a short-circuit applied at 15 km
from the Local bus, the reference of the Remote end is its complement, i.e., 135 km.

From the results shown in Table I, the best estimations were obtained considering the voltage and current
phasors taken from the Local bus, in which the errors decrease as the number of cycles used as input
data to the fault location function increases, which is a typical performance. In fact, as the Thevenin
equivalent presented at the Local end represents a conventional power source, the high fault current
contributions assist in the fault location process. On the other hand, the IBR atypical fault response
characteristic directly impacts the fault location performance, irrespective to the used number of cycles
as input data. This characteristic is quite different from the one obtained by conventional sources.
Besides, the errors can fall into a wider range than the ones expected for impedance-based techniques
(in the order of 2 — 3 km [6]).
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Fig. 7 — Comparative analysis about the phasor estimation process for a fault at d = 135 km: (a) voltage at
Local bus; (b) voltage at the Remote bus; (c) current at the Local bus; and (d) current at the Remote bus.

Table | — Obtained fault location estimations for faults applied at 15 km and 135 km away from the Local bus, as
a function of the number of cycles

Reference Number of d =15km d = 135 km

terminal cycles d & (km) d & (km)

1 15,85 0,85 135,17 0,17

Local 2 14,98 0,02 134,88 0,12
(Thevenin equivalent) - 14,96 0,02 135,17 0,17
4 14,98 0,02 135,08 0,08

5 14,98 0,02 135,12 0,12

1 72,52 62,48 232,3 217,3

Remote 2 32,16 102,84 6,56 8,44
(wind farm plant) 3 82,05 52,95 6,17 8,83
4 132,89 2,11 12,95 2,05

5 141,51 6,51 16,64 1,64

o TW-Based Analysis

For the TW-based fault location analysis, the voltage and current measurements were taken in each TL
monitored terminal to compute the forward and backward TW relaying signals, named as Sy qrq and
Shackwara, respectively, which are represented as Sy and S, in Fig. 3. Basically, such signals are
correlated to each other by means of a correlation function. The maximum positive peak in its output
corresponds in the time instant in which there is a best match between the fault-induced reflected and
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incident surges, whose time delay is depicted as 7 in Fig. 3. The t is then used in Eq. (2) to estimate the
fault distance by means of a single-ended TW-based fault locator. The technique used in this paper is
reported in [8].

The TW relaying signals and the correlation function output taken from both Local and Remote ends
are shown in Fig. 6 for a fault at 135 km, i.e., closer to the wind farm terminal.
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Fig. 6 — TW relaying signals for a fault at d = 135 km: (a) S¢orwara aNd Spackwara at Local bus; (b) Syorwara

and Syacrwara a8t Remote bus; (c) Correlation function output at Local bus; and (d) Correlation function output
at Remote bus.

Comparing the S¢orwara aNd Spackwara Signals shown in Figs. 6(a) and (b) taken from both Local and
Remote buses, respectively, the waveforms measured at the wind farm generation side are more affected
by its associated control dynamics, impacting, consequently, in the amplitude and transient components
of  Storwara @Nd Spackwara- Differently, the corresponding signals at the Local bus present higher
amplitudes and they are less affected during the steady-state operation. As a result, the correlation
function output is directly impacted at the Remote end, presenting a considerable oscillatory behavior
with low frequencies. Similar analysis was noticed for a fault at different points. The estimated fault
location errors are presented in Table II.

Table Il — Obtained TW-based fault location estimations for faults applied at 15 km and 135 km

Reference d =15km d =135 km
terminal d & (km) d & (km)
Local
(Thevenin equivalent) 10 0,70 134,35 0,65
Remote
(wind farm plant) 138,40 3,40 22,21 7,21

From the results presented in Table Il, the best estimations were obtained by the measurements taken
from the Local end. In fact, since the waveshapes of S;,,wara @nd Spackwara are not affected by any
atypical transient content induced by the wind farm control dynamics, the performance of the single-
ended TW-based fault locator is improved, resulting in errors lower than two tower spans. On the other
hand, the unusual responses of the wind generation side have led the method to misoperate, resulting in
errors quite higher than the ones expected for TW-based applications (two to three tower spans). As a
result, the TWs may not be reliability identified at the wind farm generation terminal, especially when
the main goal is identifying the fault-induced reflected surges, as in single-terminal applications.

raphael.leite@cear.ufpb.br 9



Therefore, both types of fault location functions experienced challenges due to the interconnection of
IBRs. For the impedance-based technique, the low short-circuit current contributions and the IBR
control dynamics have led the fault location function to misoperate, presenting an atypical response
irrespective to the number of cycles used as input data to such routine. Similarly, for the one-ended TW-
based fault location algorithm, which operates by means of a correlation function, different transient
content was noticed even prior to the short-circuit application, which directly impacted the fault location
performance.

As a consequence, there is a need to develop new functionalities more immune to the effects of the
control dynamics and low fault currents. For impedance-based applications, for example, multi-method
methodologies could be pursued, in order to select distinct fault location formulations depending on the
used control strategy and the fault type. Regarding the TW-based devices, the use of them is increasing
in the field, as they appear as potential solutions to speed up the protective relay performances. For fault
location purposes, the identification of the fault-induced reflect surge is also challenging, as it still is for
typical grids. The use of measurements taken from both TL terminals may reduce the impacts of the
IBRs, since they depend on the first TW.

CONCLUSIONS

In this paper, the challenges faced by both single-ended impedance- and TW-based fault location
applications due to IBR integration into the network were addressed. To do so, PS Simul (EMTP) fault
simulations were applied in a transmission system interconnected by means of a wind farm power plant
at the Remote bus, whose parameters were adjusted from a real Brazilian network. The nonlinear
elements and the associated controls of a full-converter-based wind generators were used at the wind
farm side.

From the obtained results, both of the fault location functions were affected by the unconventional
operational and control-dependent characteristics of the RESs. Basically, the IBR atypical fault response
characteristic impacted the impedance-based fault location performance, irrespective to the used number
of cycles as input data, in which such feature is quite different from the one obtained by conventional
sources. Regarding the TW-based approach, atypical transient content is induced by the wind farm
control dynamics, impacting the performance of single-terminal methods in properly identifying the
fault-induced reflected surges.

Therefore, some strategies could be pursued to minimize the impacts of IBR control-dependent
characteristics, such as the use of multi-method methodologies depending on the used control scheme
and the short-circuit type, for phasor-based solutions. For TW-based functionalities, the detection of the
fault-induced reflected surges is also challenging, and the use of communication links to allow
measurements taken from both TL terminals may reduce the impacts of such IBRs. In these cases, the
wind farm control-dependent features have increased the complexity in properly detecting the reflected
TWs, even though such task is still a challenging for conventional grids.
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