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Abstract: In this study, the active traveling-wave fault location function is incor-
porated into the management of earth faults for smart unearthed and compensated
distribution networks associated with distributed renewable generation. Unearthed
and compensated networks are implemented mainly to attain service continuity,
specifically during earth faults. This advantage is valued for service continuity
of grid-interconnected renewable resources. However, overcurrent-based fault
indicators are not efficient in indicating the fault path in these distribution net-
works. Accordingly, in this study, the active traveling-wave fault location is com-
plemented using distributed Rogowski coil-based fault passage indicators. Active
traveling waves are injected by switching the neutral point of unearthed and com-
pensated networks using a thyristor. This method has the advantage of creating
traveling waves even though the faulted feeder is in service. In addition, a wind
energy conversion system based on a doubly-fed induction generator is intercon-
nected. Distributed Rogowski coil fault passive indicators (FPIs) are suggested
over the distribution network specifically at the lateral busbars to achieve fault
management using active traveling waves. A practical suburban 20-kV compen-
sated distribution network is simulated using ATP/EMTP. Results confirm an
effective fault management process using active traveling waves in combination
with distributed Rogowski coils as FPIs in the compensated distribution network.
The network can continuously attain and interconnect distributed renewable
resources sustainably during the earth fault period.

Keywords: fault management; compensated distribution networks; Rogowski
coils; traveling-wave fault location; wind distributed generation

1 Introduction

Power networks are subject to transients generated due to either external sources, such as lightning, or
internal ones, such as switching and faults. These transients are traveling-surge propagating, regardless of
whether the network is conventional or smart, where the reflection and transmission traveling-wave rules
are applied. Furthermore, faults represent the main source of transients in electrical distribution networks.
These faults can be located using the two common main types of fault location determination algorithms,
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namely, impedance fault location algorithms [1-3] and traveling-wave fault location algorithms [4—6].
However, impedance-based fault location algorithms are affected by distributed generation units, which
hinder the accuracy of estimates of fault distance. In addition, they are not efficient in locating earth
faults in compensated and unearthed networks. In contrast, traveling-wave algorithms accurately
determine fault distance with high accuracy. When dealing with traveling surges, the network is
unearthed, or the earth fault current in the network is compensated, even if the network is interconnected
with distributed generators. Therefore, the traveling-wave fault location technique may represent a very
important stage of the fault management processes, as proposed in this study.

Traveling-wave fault location algorithms are implemented by processing active or passive surges.
However, passive surges rapidly diminish just after the fault event. Accordingly, active traveling waves
present interesting considerations in determining fault locations in distribution networks. Furthermore, the
active traveling waves compared with the passive traveling waves proposed in this study are expected to
be incorporated in the fault management of a smart grid.

Self-healing approaches to fault isolation and system restoration depend mainly on the accurate fault
selectivity function. To save time and cost, an automated fault management strategy is applied instead of
the traditional one [7-10]. References [9,10] introduced a fast and reliable control strategy to isolate
faulty sections. For judicious decision-making and optimum control monitoring during the fault
management process, smart agents must be installed in power systems [11,12]. Reference [13] reported a
review of intelligent agents. All stages of fault management must be implemented precisely. However, the
introduced fault selectivity functions are focused on monitoring the distributed fundamental current
directions; this concept is not appropriate for earth fault selectivity in unearthed and compensated
networks. In addition, use of fundamental current directionality in distributed generation in distribution
networks poses more challenges to fault selectivity (the faulted section estimation). The reason for this is
that fault selectivity (estimating the faulted section) in distribution networks should be estimated using
current measurements, particularly at the laterals, where voltage measurements cannot help indicate the
fault direction. Therefore, to obtain flexible and reliable fault management, reliable techniques must be
proposed to exactly assign the fault location with zero percent error in fault distance estimation.

Use of traditional current transformers with a high number of devices makes it expensive to implement
fault management in smart grids and is unreliable in distributed generation. However, Rogowski coils are
cheaper, and their design is suitable for monitoring surges in current waveforms while discarding the
fundamental component and harmonics. Similarly, traveling-wave techniques (specifically the active type)
are recommended over fundamental current evaluation, particularly for network-connected distributed
generation units [14,15].

In this study, fault distance estimation using active traveling waves is incorporated into fault
management, where the transient currents are measured using sensitive Rogowski coils as fault passive
indicators distributed in a compensated distribution network. The active traveling waves are generated by
switching the neutral of the compensated distribution network and measuring surges in the zero and aerial
modes to estimate the switching instant and extract the reflected surge from the fault discontinuity,
respectively, as presented in Elkalashy et al. [16]. However, fault location is based on voltage transients,
which are not appropriate for determining the faulted section, due to distribution network laterals. In the
present study, distributed Rogowski coils are exploited to extract active transients in current waveforms to
consequently indicate the fault point and then the faulted section. The latter is determined using the active
traveling-wave function incorporated in the fault management process. That is, measurements of the
distributed Rogowski coils through the directionality of the measured transient currents are evaluated. At
each lateraling busbar, the time difference between the first-arriving surges of the zero and aerial modes
created due to neutral switching is used to estimate the fault distance, thereby finding the faulted section
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with the aid of transient directionality. A 20-kV compensated distribution network is simulated using
ATPDraw, and distributed generation is represented by a wind-driven, doubly-fed induction generator
(DFIG). The results confirm that the fault section is successfully estimated using the active traveling
waves created by neutral switching and extracted by distributed Rogowski coils.

The main contribution of this study is that it proposes new fault management rules. For the first time,
Rogowski coils are distributed on a smart grid to implement the fault selectivity function based on active
traveling waves. The key advantage of the proposed fault management is its applicability to earth faults
in unearthed and compensated networks and to sustainable interconnection of distributed wind generation.
Accordingly, the advantages of the active traveling waves generated using the thyristor-based neutral
switching concept and the sustainability of wind farm interconnection are ascertained during earth faults
in smart grids.

2 Simulated Network and Utilized Active Traveling-Wave Techniques
2.1 Compensated Distribution Network

Fig. 1 shows the 20-kV distribution network, a compensated earth fault network. An advantage of the
compensated feeders is that the earth fault currents can be zero, as they are compensated using the Peterson
coil connected at the neutral point. Accordingly, the service continues during earth faults. Although earth
fault detection is accomplished by monitoring the neutral voltage, fault point estimation is challenging; the
fault point should be indicated during the fault period, as accomplished in this study. The active traveling-
wave concept is utilized and incorporated using distributed Rogowski coils to locate the faulted section.

Circuit Breaker

A Summation length
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H=— Feeder 4
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Figure 1: Typical suburban compensated distribution feeder involving Rogowski coils and wind turbine

As shown in Fig. 1, the network had five feeders with a total length of 352 km [16]. The faulted feeder
was assumed as a heterogeneous feeder with overhead and underground cable sections. Elkalashy et al. [16]
reported representation parameters for overhead and underground cables. This distribution network was
simulated using the ATP/EMTP program, where ATPDraw served as the user interface. As shown in
Fig. 1, connection of the neutral switching mechanism to create active traveling waves is included in the
system. Elkalashy et al. [16] introduced neutral switching, which is generally used when the faulted
feeder is in service during the earth fault period. This notion is appropriate with compensated networks.

At the main busbar, the active traveling waves of the voltage waveforms were used to estimate the fault
distance. Accordingly, the R-C branch was utilized as a transducer to capture the voltage traveling waves at
busbar A. The transducer parameters are 0.01 puF capacitor and 100 Q resistor [16]. However, the voltage
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traveling surges at busbars B, D, and E did not help estimate fault direction and the faulted section. Current
traveling waves could be helpful in this task. Accordingly, the Rogowski coils were assumed as distributed in
the distribution feeder as shown in Fig. 1. The distributed Rogowski coils were installed at the branches of the
main busbars B, D, and E. However, coils were not installed at the end busbars, such as busbars C, J, I, H, F,
and K, because the current reflection coefficient is approximately negative 1 at these busbars; accordingly,
the Rogowski coils captured no traveling surge, due to the considered active traveling waves. The DFIG,
Rogowski coil, active neutral switching traveling waves, and the concept of utilized traveling-wave fault
location distributed at the main busbars are discussed below.

2.2 DFIG

Recently, many energy conversion systems have been tested at wind farms, which depend mainly on
wind turbines and electric machines associated with electric power devices. Practically, there are several
energy conversion systems for delivering wind energy into power networks, such as the switched
reluctance generator, self-excited induction generator (SEIG), and DFIG. Generally, the induction
machine has well-known electric applications, unlike the reluctance machine. However, additional
reactive power compensation systems must be associated with SEIG installation for wind applications.
Accordingly, the DFIG is preferred as it has the further advantage of synchronous machine operation with
a grid interconnection. Furthermore, the DFIG facilitates obtaining the maximum energy under conditions
of variable wind speed while achieving controllability of active and reactive power interconnected with
electric power grids [17].

The DFIG is constructed from a wound rotor induction machine, where the stator and rotor windings are
dynamically fed, as shown in Fig. 2a. The machine stator windings are directly connected to the grid voltages
through a power transformer. However, the rotor windings are interacted with the grid using two sequential
converters called a rotor side converter and a grid side converter. The DFIG is efficiently controlled under
sub-synchronous and super-synchronous speeds by controlling these two converters via the availability of
bidirectional power transfer. Accordingly, the variable speed wind operations of the DFIG are ascertained.
The mathematical model of the induction machine is summarized in Seta [18], and Tab. 1 shows the
machine parameters. Seta [18] presented a detailed model and representation of the 5-MW DFIG and
implemented these using the ATPDraw program. This ATPDraw representation of the DFIG is available
at no cost in the ATPDraw examples [19]. Accordingly, the ATPDraw circuit of the 5-MW DFIG shown
in Fig. 2b is paired with the compensated distribution network under study, as shown in Fig. 1. The wind
generation conversion system, based on the 690-V, 5-MW DFIG, is interconnected with the distribution
network using a 0.690/20-kV power transformer of connection delta/star unearthed to conserve the earth
fault compensation functions installed at the neutral of the main power transformer using the Peterson coil.

2.3 Rogowski Coil

The Rogowski coil is a well-known transducer for high voltage applications, specifically at high
frequencies. Moreover, the Rogowski coil is wound with a toroidal shape (with V turns and cross-section A)
on a nonmagnetic core clipped around the current-carrying conductor #(f). Its output voltage is proportional
to the derivative of the current i(¢) as:

e(t) = Mc di/dt, (D

where Mc is the mutual inductance between the current-carrying conductor and the Rogowski coil. The
Rogowski coil is used to measure current with wide bandwidths. In addition, the use of electronic devices
facilitates the application to the measurement of low amplitude currents [20] with several advantages,
including excellent transient response, no dissipated power, ease of use, and low cost [21]. Accordingly,
the Rogowski coil is a superior choice for numerous applications specific to smart grids.
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Figure 2: DFIG. a) Generation construction and b) ATPDraw circuit
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Table 1: Induction machine parameters simulated and reported in Seta [18]

Parameter Value  Unit
Stator resistance Rs 0.0025 Q
Stator leakage inductance Laos 0.097 mH
Magnetization inductance Lm 3 mH
Rotor resistance Rr (reported to the stator) 0.0083 Q
Rotor leakage inductance Lor (reported to the stator) 0.115 mH
Moment of inertia J (inertia constant H = 2 s) 2400 kgm?
Rated apparent power Sr 6.500 kVA
Rated stator voltage Usr 690 v

To investigate the performance of the Rogowski coil in traveling-wave applications, its accurate
modeling is extremely important. This modeling can be categorized as models based on frequency
measurements [22], lumped models [23,24], and distributed models [25]. The proposed fault management
depends on traveling waves that are high-frequency transients in the range of frequencies higher than
1 MHz. The Rogowski coil is carefully selected from the coils group presented in Rohani et al. [26],
where the resonance frequency of this coil is 3.4 MHz. Accordingly, this Rogowski coil is found
appropriate for monitoring traveling-wave surges due to faults. Moreover, the rectangular shape of the
Rogowski coil presented in Rohani et al. [26] is recommended due to its high sensitivity. This coil was
modeled using the measured lumped parameters resistance R1 = 0.1922 Q, inductance L1 = 2.5 pH, and
capacitance C1 = 41.21 pF including the calculated mutual inductance Mc = 4.6825 uH. Fig. 3 depicts
the simulated ATPDraw circuit of the Rogowski coil. The current coupling into the Rogowski coil turns
is implemented in ATPDraw using a probe for passing the transient current information to the transient
analyses control system (TACS). The mutual inductance and current derivatives are implemented using a
simple derivative transfer function in TACS to control the voltage source energizing the Rogowski coil
equivalent circuit (resistance R1, inductance L1, and capacitance Cl1). Finally, terminal resistance is
represented. This Rogowski coil is repeated at laterals of busbars B, D, and E.

Figure 3: ATPDraw circuit of the distributed Rogowski coils

As shown in Fig. 1, the distribution networks are of heterogeneous type. However, the Rogowski coils
are distributed to monitor the traveling waves caused by faults, which are common, and not partial discharge.
Moreover, the proposed fault management function depends on the aerial-mode calculation, described in the
following subsection. Accordingly, the traveling waves incorporated in each phase current are objectively
monitored using the Rogowski coil, where the Rogowski coil is installed for each phase of either the
overhead lines or underground cables. For overhead lines, installing the Rogowski coils is
straightforward. For underground cables, the Rogowski coils are installed at the network laterals where
the cable terminals are above ground, to connect to the load transformers or the line section.
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2.4 Neutral Switching Traveling Waves

Neutral switching traveling waves were used to estimate the fault distance in unearthed and compensated
distribution networks [16]. As shown in Fig. 1, the neutral point was switched using a thyristor at the peak of
the neutral voltage to create the highest traveling surge. Accordingly, traveling waves were created equally in
each phase and traveled through the feeder. The traveling of three equal surges in the three phases produced
the Clarke representation-based aerial and zero modes as follows [27]:

2 Vp+ Ve
o — A\ Va—™ — =< — ), 2
Y 3(V 2 ) 2)
1
Vo = g(va+vb+vc), 3)

where the created surges v,, v;, and v, are created equally at the instant of neutral switching. Accordingly, the
a-mode value in (1) is zero, although surges were created and traveled through the faulted feeder. However,
traveling-wave discontinuity is observed at the fault point, which reflected a surge that accordingly appeared
in the a-mode. Therefore, fault distance can be estimated by monitoring the first arrival surge in the
calculated aerial mode after the neutral switching instant, which can indicate fault distance d,by:

dr = ¢ x At/2, )
At =1, — 1y, (5)

where c is the propagation speed of the traveling wave; At is the time difference between the reflected fault
surge and the neutral switching instant; #, is the stamped instant of neutral switching executed by triggering
the thyristor (Fig. 1); and ¢ is the stamped instant of the arrived reflected fault surge using a-mode waveform.
Additional details on fault location performance using active traveling waves created by neutral switching
were reported in Elkalashy et al. [16]. One of the advantages of these techniques is that the traveling-
wave creation instant is controlled and well known. For neutral switching traveling-wave creation, the
neutral switching instant can be estimated using the zero-mode waveform as the switching surges
effectively attained in the zero mode, as in (2). By contrast, the fault-reflected surge is directly estimated
using the aerial-mode waveform (a-mode of Clarke components). Accordingly, the time difference
between surges extracted from aerial- and zero-mode waveforms represent Az in (4).

2.5 Incorporating Rogowski Coil and Active Traveling Waves in the Fault Selectivity Function

Starting from the faulted feeder, the measuring transducers at busbar A serve to monitor the voltage
waveforms, as shown in Fig. 1. The reasoning behind using voltage transducers is that no traveling wave
exists in the current waveforms when only the faulted feeder is connected at busbar A. In other words, at
least two feeders exist, where one of them is healthy and connected at busbar A for current traveling-
wave availability in the faulted feeder. However, the traveling waves in the voltage waveforms can be
monitored at busbar A, regardless of the connected feeder, with lower values at a higher number of
connected parallel feeders at busbar A.

If the voltage transducers are used and installed at busbar A to extract the traveling surges and to estimate
fault distance, then the voltage waveforms cannot support estimation of the fault direction at the lateral
busbars, such as busbars B, D, and E. However, the current transient waveforms should be investigated at
the lateral busbars for fault direction estimation. For an example considering fault case F3 as depicted in
Fig. 1, the estimated fault distance is determined by the traveling waves using (4). However, faulted
section EK could not be determined. Therefore, transient current directionality at lateral busbars B and E
remains to be evaluated, with the aid of the proposed allocated Rogowski coils around these busbars. At
busbar B, the fault direction estimation is implemented in the direction of section BE. Furthermore, the
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fault distance can be updated from busbar B using the measurements of Rogowski coils installed at busbar B.
The estimated distance from busbar B is also based on the time difference between the first surges in the
aerial- and zero-mode waveforms concerning the neutral switching using, however, the distributed
Rogowski coils measurements. This result is evaluated using test cases in Section 4, particularly
declaration of fault case F3. Therefore, a communication system should exist between the primary and
secondary substations, specifically at lateral busbars, such as busbars B, D, and E for the faulted feeder
under study. This is accomplished by assuming agents at these substations. The fault management process
based on active traveling-wave incorporation is discussed below.

3 Proposed Fault Management Control Using Active Traveling Waves

To reduce outage times of electrical distribution systems due to fault events and maintenance, a reliable
fault management strategy is applied. The concerns of fault diagnosis, fault localization (simultaneous
handling of different faults), fault isolation (automatic isolation after fault localization), and finally system
restoration occur within a short time. These tasks are implemented using suitable controls and with the
aid of the communications system incorporated in the smart system of the electric grid. Fault
management represents intelligent dynamic merging of all these concerns. Based on the repair time of the
faulted section, system restoration is accomplished quickly with replacement equipment.

Implementation of the proposed fault management control depends on the presence of distributed agents
in the distribution network. An installed agent is assumed at each lateral busbar (secondary substation), such
as the agents at busbars B, D, and E shown in Fig. 4. The agent is a microprocessor-based intelligent system
that can receive messages, analyze information, take actions such as evaluating measurements, provide
decisions such as estimating the fault direction, and implement actions such as updating corresponding
agents at primary or secondary substations [9]. Bidirectional direct communication is also assumed to be
available between the agent at the primary substation and each distributed agent through the faulted
feeder, as shown in Fig. 4 [10]. Furthermore, bidirectional communication exists between agents at
substations B and D and between substations B and E. Accordingly, the fault management procedure is
activated when a fault is detected. The fault management process is then implemented using the active
traveling waves of the neutral switching. However, the faulted section isolation process differs with
regard to the traveling-wave creation method. Although faulted section estimation occurs when the
distribution network is in service, the faulted feeder is isolated considering the available distributed
breakers. Then, the determined switches are opened to disconnect the faulted section.

C Load J

Secondary
substation

Primary
substation Secondary
substation

A 1 g Load

Secondary
substation

Agent Q Cellular message O Rogowski coil

Figure 4: Schematic of autonomous agent-based control
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3.1 Substation Agent Activities

Fault management activities involve two concepts of substation agents, that is, the agent at the primary
substation and that at the secondary one. As several secondary substations exist, the secondary substation
agent is repeated to cover the distribution network. Primary substation agent activities are discussed as
follows and as shown in Fig. 5a:

Send initiation message to agents A received message to stamp surges
at lateral busbars B, D, E v
| Record the first arrived surge |
[ Create the active traveling-waves | 3
Record the first surge arrived in aerial and | Waiting for another message |
zero-modes waveforms v
v A received order message to continue management
Calculate the fault distance d
Yes
d<lL Yes The faulted
=8 section AB
No
|Send a message to the agent at busbar B| | Estimate the fault distance |

| Waiting to the information about the faulted section | |

Evaluate the directionality |

v

Send a message to the corresponding next agent

| Faulted section isolation process

v
| System restoration process | | Faulted section isolation process |<7
End End
(a) (b)

Figure 5: Agent activities during fault management. a) Primary substation using voltage traveling-waves,
and b) Secondary substation using Rogowski coil measurements

1.

AR

Send an initiation message to agents at lateral busbars B, D, and E to wait and record the
corresponding active traveling waves.

Create active traveling waves in either of the neutral switching events for the in-service faulted
feeder.

Record the time stamp of the first traveling wave monitored in aerial- and zero-mode waveforms.
Calculate the fault distance dy.
Estimate the faulted section AB if the estimated fault distance is within section AB length.

Send a message to the agent of the secondary substation at busbar B if the estimated fault distance is
close to or greater than section AB length (L,3) to investigate the measurements of its Rogowski
coils, calculate the time difference, estimate the fault distance, and evaluate fault directionality as
illustrated in Section 4.

Fig. 5b shows the secondary substation agent activities in the fault management process, in which the
agent at secondary substation B is considered as an example:

1.
2.

Send an upstream message to wait and record the corresponding transients due to neutral switching.
Record the first arrival surges in aerial and zero modes.
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. Wait for another upstream message to either open the switch if the faulted section is AB or further

evaluate using the recorded data if the fault is not in section AB.

. If the message is to evaluate the measurements, estimate the fault conditions in either busbar or

downstream fault.

. If the fault is at the first busbar, inform the primary substation.

If the fault occurs downstream, estimate the fault distance and then the fault direction.

. Under the estimated fault condition, communicate with the corresponding substation agent.

3.2 Management Procedure Overview for Fault Cases

The fault management procedure expected for any fault in the first section AB is easily recognized.
However, the fault management procedure for faulted busbar B (fault case F2), as an example, needs
further declaration as follows:

1.
2.

The first message is sent from the primary substation to all agents to wait for the traveling waves.

As the traveling waves are created and the fault distance estimation is close to the busbar B location,
the second message is sent to the agent at busbar B to evaluate its measurements.

. The agent at busbar B finds a zero difference time between zero and aerial modes, and the transient

directionality confirms that the fault is at busbar B.

The management procedure for faulted section EK (fault case F3) is as follows:

. Send initiation messages to activate the feeder agents.
. As the estimated fault distance using the active traveling waves at the primary substation is greater

than the length of section AB, a message is sent from the primary substation to the agent at substation
B to evaluate its Rogowski coil measurements to estimate the fault direction and fault distance from
busbar B.

. As the estimated fault direction at busbar B is in the direction of section BE and the estimated fault

distance is greater than the length of section BE, a message is sent from substation B to substation E
to evaluate the measurements of the Rogowski coils at busbar E to determine fault direction and
distance.

As the estimated fault direction using the measurements at busbar E is at section EK and the
estimated fault distance is within section EK, fault management then concerns the suitable
isolation procedure.

4 Evaluation of Transient Features Extracted by Distributed Rogowski Coils
4.1 Fault Case F1 at 2.5 km in Section AB

Assuming a fault case at 2.5 km and considering the active traveling-wave concepts (neutral switching),
Fig. 6 shows the corresponding performance of measuring the aerial- and zero-mode waveforms through the
RC transducer branch. In Fig. 6, the zero mode appears at the instant of neutral switching at 1 ms, whereas the
reflected fault surge is extracted using the aerial mode at 1.0332 ms. Accordingly, the time difference is
0.0332 ms, which is converted to fault distance using (2), that d,= 0.0332 x 150.7/2 = 2.501 km, where
cable propagation speed 150.7 km/ms is estimated using the cable parameters simulated via the line/cable
constant model. Thus, the fault is in the first section, and the remote switches at busbars A and B are
operated to disconnect the faulted section AB when the feeder is unenergized.
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Figure 6: Performance for fault distance 2.5 km using aerial and zero modes over the RC-monitored
voltages (At = 0.0332 ms)

4.2 Fault Case at 4.9-km Busbar B

For the fault case at busbar B (4.9 km), Fig. 7 shows the performance of aerial and zero modes measured
through the RC transducer branch, where the surge arrives after 0.0653 ms. We convert this time difference
into distance, dy = 0.0653 x 150.7/2 = 4.92 km, which means the fault is close to busbar B. However,
confirmation of fault location is attained from the Rogowski coil measurements at busbar B, as shown in
Fig. 8. In Fig. 8a, the aerial and zero modes are instantaneously measured using the Rogowski coils, and
it is ensured that the fault is at busbar B. Furthermore, the results presented in Fig. 8b show the same
directionality of the downstream Rogowski coil outputs, which are in the opposite direction to the
upstream Rogowski coil. This method ensures that the fault is at busbar B from the Rogowski coil
waveforms in Figs. 8a and 8b, and the output voltages are recognizable values with multiple voltages for
neutral switching. Therefore, noise has a negligible effect on these measurements regardless of Rogowski
coil application for partial discharge.
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Figure 7: Performance for fault distance 4.9 km at busbar B using aerial and zero modes over the RC
monitored voltages (At = 0.0653 ms)

4.3 Fault Case at 26.9 km in Section EK

Fig. 9 shows the performance of aerial and zero modes measured through the RC transducer branch,
where the surge arrives after 0.2187 ms. This result indicates that the fault is after busbar B. Fig. 10a
shows the aerial and zero modes, which are measured using upstream Rogowski coils installed at the
substation B agent (Rogowski coil at the end of section AB). The difference time between the aerial and
zero modes is 0.1574 ms. The advantage of this time difference is that it is measured with no additional
time synchronization.
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Figure 8: Rogowski coils at faulted busbar B. a) Aerial and zero modes over the Rogowski coil at faulted
busbar B (at the end of section AB), where At = zero ms and b) Directionality evaluation of Rogowski coils at
faulted busbar B
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Figure 9: Aerial and zero modes over the RC-monitored voltage for fault distance 26.9 km (At=0.2187 ms)

Fig. 10b depicts the corresponding performance when directionality is evaluated for the Rogowski coil
output at branches connected at lateral busbar B. In this figure, the directionality of the aerial mode for neutral
switching is utilized. The fault is in the direction of branch BE, as the same directionality is attained between
the reference Rogowski coil output and the fault direction coil output. However, the time difference
computed in Fig. 10a indicates that the fault is behind busbar E. Accordingly, the next evaluation is of
the measurements at busbar E.

Fig. 11a shows the aerial and zero modes of the Rogowski coil installed at the end of section BE. From
the results shown in this figure, a time difference of 0.0343 ms is observed, which ensures that the fault is
after busbar E. Fig. 11b depicts the directionality evaluations of the Rogowski coils installed close to busbar
E. The results confirm that the fault is in the direction of section EK. Considering the time difference between
the aerial and zero modes as depicted in Fig. 10a, the fault distance is dzp = 0.0343 x 294.2/2 = 5.042 km
from busbar E. Accordingly, the remote switches of section EK can be opened after disconnecting the feeder
to implement the fault management process.
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Figure 10: Rogowski coils measurements at busbar B for fault distance 26.9 km. a) Aerial and zero modes
over the Rogowski coil at busbar B (at the end of section AB) for fault distance 26.9 km (At = 1.1899
—1.0325 = 0.1574 ms) and b) Directionality evaluation of Rogowski coils
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Figure 11: Rogowski coils measurements at busbar E for fault distance 26.9 km. a) Aerial and zero modes

over the Rogowski coil at busbar E (at the end of section BE) (At = 1.1238—1.0895 = 0.0343 ms) and b)
Directionality evaluation of Rogowski coils at busbar E

5 Conclusions

In this study, the active traveling-wave fault location is incorporated into fault management in smart
distribution networks associated with a wind-driven distributed generation unit (DFIG). In addition,
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distributed agents are considered. Traveling-wave surges are extracted using distributed Rogowski coils. The
results confirm the applicability of using Rogowski coils for traveling-wave applications in fault location
determination and for fault management in smart distribution grids. Rectangular-shape Rogowski coils are
used, where the output voltages are recognizable. Concerning the active traveling waves created by
neutral switching, the faulted section is successfully estimated using the Rogowski coils, and fault
management is then implemented using the distributed measurements of the active traveling waves with
the advantage of utilizing the first active surge monitored in aerial and zero modes. From performance
evaluation, the zero mode calculated from the Rogowski coil outputs of the three phases can be used to
estimate the active traveling-wave starting instant. On the contrary, the aerial mode could be used to
estimate the arrival surge from the fault point. Accordingly, the time difference between the zero and
aerial modes can be applied to estimate the fault distance from the measuring busbar. By comparing the
estimated fault distance and section length, a faulted section estimation can be obtained. Furthermore,
fault directionality is attained using the Rogowski coil outputs. The results confirm the efficiency of the
proposed fault management procedure for compensated distribution networks associated with distributed
generation units.
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