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system. The calculation includes determining a calculated reactance or impedance to the fault, and uses the line parameters to de-
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FAULT LOCATION IN ELECTRIC POWER DELIVERY SYSTEMS

Related Application
[0001] (none)
Technical Field

[0002] This disclosure relates to protection of electric power delivery systems. More
particularly, this disclosure relates to determining fault location on an electric power
delivery system.

Brief Description of the Drawings

[0003] Non-limiting and non-exhaustive embodiments of the disclosure are
described, including various embodiments of the disclosure with reference to the
figures, in which:

[0004] Figure 1 illustrates a one-line diagram of an electric power delivery system:;
[0005] Figure 2 illustrates a sequence diagram for a single-line to ground fault on an
electric power delivery system;

[0006] Figure 3 illustrates a sequence diagram for a phase-to-phase fault on an
electric power delivery system;

[0007] Figure 4 illustrates a sequence diagram for a phase-to-phase-to-ground fault
on an electric power delivery system;

[0008] Figure 5 illustrates a sequence diagram for a three-phase fault on an electric
power delivery system;

[0009] Figure 6 illustrates a one-line diagram of a branched electric power delivery
system;

[0010] Figure 7 illustrates a one-line diagram of a branched electric power delivery
system;

[0011] Figure 8 illustrates a one-line diagram of a branched electric power delivery
system;

[0012] Figures 9A-9D illustrate process flow diagrams for calculating possible
locations of a fault on an electric power delivery system using an electric power delivery
system model and reactance to the fault;

[0013] Figure 10 illustrates a one-line diagram of a branched electric power delivery
system;

[0014] Figure 11 illustrates a one-line diagram of a branched electric power delivery

system;
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[0015] Figure 12A illustrates a process flow diagram of a method for calculating a

location of a fault on an electric power delivery system using an electric power delivery
system model, reactance to the fault, and FCI data;
[0016] Figure 12B illustrates a process flow diagram of a method for calculating a
location of a fault on an electric power delivery system using an electric power delivery
system model, reactance to the fault, and FCI data; and,
[0017] Figure 13 illustrates a functional block diagram of a device that may be used
to calculate a location of a fault on an electric power delivery system.

Detailed Description

[0018] Electric power delivery systems are designed to transmit and distribute
electrical power from generation plants to loads. At times, these electric power delivery
systems experience faults due to, for example, a conductive path between one (or
more) of the phase conductors and ground, between two or more of the phase
conductors, between one (or more) of the phase conductors and a neutral conductor,
and the like. Faults can cause disruptions to the flow of power in the electric power
delivery system, and may even result in the failure of the system to effectively deliver
power to loads.

[0019] Owners and operators of electric power delivery systems desire to know the
location of the fault on the electric power delivery system, so that the system can be
repaired or modified to clear the fault or decrease the likelihood of similar future faults.
As many electric power delivery systems include electric power lines that are quite long
or include several segments of buses and feeders, locating a fault by traveling a path of
the delivery system can be both time consuming and expensive. Accordingly, methods
have been devised to calculate the distance to the fault along the electric power
delivery system using measurements taken from the electric power delivery system.
[0020] Electric power delivery systems may be of a “radial” configuration under
normal operating conditions in that they have a single power supply. It should be noted
that the single supply may include several sources. Further, the electric power delivery
system may include interconnections to other electric power delivery systems and/or
supplies, but these interconnections may be open until an event occurs such as the
single supply becoming unavailable, a fault on the system, a reconfiguration event, or
the like. Certain figures included herein illustrate one-line diagrams of electric power

delivery systems, each of which are illustrated in a radial configuration.
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[0021] The embodiments of the disclosure will be best understood by reference to
the drawings, wherein like parts are designated by like numerals throughout. It will be
readily understood that the components of the disclosed embodiments, as generally
described and illustrated in the figures herein, could be arranged and designed in a
wide variety of different configurations. Thus, the following detailed description of the
embodiments of the systems and methods of the disclosure is not intended to limit the
scope of the disclosure, as claimed, but is merely representative of possible
embodiments of the disclosure. In addition, the steps of a method do not necessarily
need to be executed in any specific order, or even sequentially, nor need the steps be
executed only once, unless otherwise specified.

[0022] In some cases, well-known features, structures, or operations are not shown
or described in detail. Furthermore, the described features, structures, or operations
may be combined in any suitable manner in one or more embodiments. It will also be
readily understood that the components of the embodiments, as generally described
and illustrated in the figures herein, could be arranged and designed in a wide variety of
different configurations.

[0023] Reference throughout this specification to “one embodiment” or “an
embodiment” indicates that a particular feature, structure, or characteristic described in
connection with the embodiment is included in at least one embodiment. Thus, the
appearances of the phrases “in one embodiment” or “in an embodiment” in various
places throughout this specification are not necessarily all referring to the same
embodiment. In particular, an “embodiment” may be a system, an article of
manufacture (such as a computer readable storage medium), a method, and a product
of a process.

[0024] The phrases “connected to,” “networked,” and “in communication with” refer
to any form of interaction between two or more entities, including mechanical, electrical,
magnetic, and electromagnetic interaction. Two components may be connected to
each other even though they are not in direct physical contact with each other and even
though there may be intermediary devices between the two components.

[0025] Several aspects of the embodiments described will be illustrated as software
modules or components. As used herein, a software module or component may
include any type of computer instruction or computer executable code located within a
memory device and/or transmitted as electronic signals over a system bus or wired or

wireless network. A software module or component may, for instance, comprise one or
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more physical or logical blocks of computer instructions, which may be organized as a
routine, program, object, component, data structure, etc., that performs one or more
tasks or implements particular abstract data types.

[0026] In certain embodiments, a particular software module or component may
comprise disparate instructions stored in different locations of a memory device, which
together implement the described functionality of the module. Indeed, a module or
component may comprise a single instruction or many instructions, and may be
distributed over several different code segments, among different programs, and across
several memory devices. Some embodiments may be practiced in a distributed
computing environment where tasks are performed by a remote processing device
linked through a communications network. In a distributed computing environment,
software modules or components may be located in local and/or remote memory
storage devices. In addition, data being tied or rendered together in a database record
may be resident in the same memory device, or across several memory devices, and
may be linked together in fields of a record in a database across a network. The
software modules described herein tangibly embody a program, functions, and/or
instructions that are executable by computer(s) to perform tasks as described herein.
Suitable software, as applicable, may be readily provided by those of skill in the
pertinent art(s) using the teachings presented herein and programming languages and
tools, such as XML, Java, Pascal, C++, C, database languages, APls, SDKs, assembly,
firmware, microcode, and/or other languages and tools.

[0027] Some of the infrastructure that can be used with embodiments disclosed
herein is already available, such as: general-purpose computers, computer
programming tools and techniques, digital storage media, and optical networks. A
computer may include a processor such as a microprocessor, microcontroller, logic
circuitry, or the like. The processor may include a special purpose processing device
such as an ASIC, PAL, PLA, PLD, Field Programmable Gate Array, or other
customized or programmable device. The computer may also include a computer
readable storage device such as non-volatile memory, static RAM, dynamic RAM,
ROM, CD-ROM, disk, tape, magnetic, optical, flash memory, or other computer
readable storage medium.

[0028] As used herein, the term IED may refer to any microprocessor-based device
that monitors, controls, automates, and/or protects monitored equipment within the

system. Such devices may include, for example, remote terminal units, differential
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relays, distance relays, directional relays, feeder relays, overcurrent relays, voltage
regulator controls, voltage relays, breaker failure relays, generator relays, motor relays,
automation controllers, bay controllers, meters, recloser controls, communications
processors, computing platforms, programmable logic controllers (PLCs),
programmable automation controllers, input and output modules, and the like. |EDs
may be connected to a network, and communication on the network may be facilitated
by networking devices including, but not limited to, multiplexers, routers, hubs,
gateways, firewalls, and switches. Furthermore, networking and communication
devices may be incorporated in an IED or be in communication with an IED. The term
IED may be used interchangeably to describe an individual IED or a system comprising
multiple IEDs.

[0029] Many electric power delivery systems are not homogeneous. That is, power
line segments may not have identical physical parameters. Segments of certain electric
power delivery systems may have conductors of different diameters, ratings, materials,
and the like. Further, electric power delivery systems may be branched and not have
|IEDs located at each end of every branch, or on each segment of each branch. Electric
power distribution systems, for example, typically have multiple branches and conform
to residential and industrial preferences of the location of the conductors (e.g. overhead
or underground). Accordingly, such systems are not homogeneous and may not have
IEDs at each end or on each branch, complicate the task of locating the fault on the
system.

[0030] Calculating the distance to the fault is more accurate when the line
parameters are homogeneous. However, as mentioned, on electric power distribution
systems, line parameters between the substation and the fault may be fairly non-
homogeneous. Figure 1 illustrates a one-line diagram of a typical electric power
delivery system 100 with non-homogeneous line parameters. The electric power
delivery system 100 has underground segments indicated in dashed-line and overhead
segments indicated in solid line. The system 100 includes a line 102 from a source,
such as generation, transmission system, or the like, feeding a transformer 104 that
may be a step-up transformer (such as in the case where source is generation) or a
step-down transformer (in the case where the source is a transmission line and the
delivery system 100 is a distribution system) in connection with bus 106. Line 130
(which may be a distribution feeder, transmission line, or the like) is connected to the
downstream distribution system via breaker 108. Line 130 is monitored by IED 110,
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which gathers power system information, such as voltage, current, frequency, and the
like from line 130 via a potential transformer (PT) and a current transformer (CT). IED
110 further is in communication with breaker 108, and may command breaker 108 to
open if a downstream fault is detected. Line 130 may include non-homogenous
portions. The illustrated line 130 includes overhead portion 138 and underground
portions 132, 140, and 142.

[0031] A fault 160 may occur on portion 142 of line 130. As described below, IED
110 may attempt to calculate a distance to fault 160. The distance calculation may be
based on an assumed set of line parameters. Because line parameters, such as
physical characteristics of the conductors used in the electric power distribution system
100 are not homogenous, distance calculation assuming homogeneous line parameters
may include errors. Further, because the electric power distribution system 100
includes several branches, a calculation of the distance to the fault may result in
several possibilities of fault location (the fault calculation could point to different points
on different parallel segments). To better calculate possible fault locations, the systems
and methods described herein calculate a distance to the fault by determining the
calculated reactance from the measuring device (such as IED 110) to the fault 160

Xca. The reactance may then be used in conjunction with the line parameters to

determine the distance to the fault even when the line is non-homogeneous.
[0032] Figure 2 illustrates a simplified sequence diagram for a single-phase-to-
ground fault. The sequence diagram includes a source (illustrated with generator 202),

impedances (positive-sequence impedance Z71s 204, negative-sequence impedance
Z25 206, and zero-sequence impedance Z0s 208) in series with total sequence
impedances from the substation to the fault (Y27, 210, 522, 212, S Z0, 214).
Further, three-times the fault resistance 3R 216 is in series in this sequence diagram.

[0033] Fora single-phase-to-ground fault, the total sequence reactance to the fault
can be calculated using Equation 2.1:

Im(Vphase*I;)
|12 1*

X012.0c = 3K (X1; + X2; + X0;) = Eq. 2.1

where:
X012, is the calculated sequence reactance to the fault;
kis the number of line segments between the fault location and the fault;

X1 is the positive-sequence reactance with the kth line segment;
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X2 is the negative-sequence reactance with the kth line segment;

X0 is the zero-sequence reactance with the kth line segment;

12 is the negative-sequence current referenced to the faulted phase;

Vohase = V1 + V, + V), referenced to the faulted phase;

V, is the positive-sequence voltage, referenced to the faulted phase;
V. is the negative-sequence voltage, referenced to the faulted phase; and,
V, is the zero-sequence voltage, referenced to the faulted phase.

As used herein, “total sequence” refers to the sum of the positive, zero, and negative

sequence. Further, although negative-sequence current /> is used in Equation 2.1,

positive-sequence current /4, zero-sequence current lp, or a combination thereof may
be used.
[0034] For a phase-to-phase fault, the sequence diagram is illustrated in Figure 3.

The sequence diagram includes, in series, the source 302, the positive-sequence

impedance Z1s 304, the positive-sequence impedance > Z71;, 306, half of the fault
: Ry : Ry :
resistance EY 308, half of the fault resistance EY 310, the negative sequence

impedance ¥ Z2, 312, and the negative-sequence impedance Z2s 314. The reactance

between the IED and the fault location is calculated using Equation 2.2:
Vi—V;

chalc = i'(:lei = Im(ll—lz

) Eqg. 2.2

where:
X128 the calculated positive-sequence reactance to the fault; and,

V,, V5, and I; are illustrated in Figure 3, and are referenced to the faulted
phase.
[0035] For a phase-to-phase-to-ground fault, the sequence diagram is illustrated in
Figure 4. Ryindicates the fault resistance between phases and Ry indicates the fault
resistance to ground. Equation 2.2 can be used to calculate the reactance to the fault
for the phase-to-phase-to-ground fault.
[0036] Figure 5 illustrates the sequence diagram for a three-phase fault. The total
reactance for the three-phase fault may be calculated using Equation 2.3:

Xlege = Bley X1, = Im (2) Eq. 2.3

1

where:
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X174 is the calculated positive-sequence reactance to the fault; and,
V;and /; are illustrated in Figure 5, and are referenced to the faulted phase.

[0037] Using the above equations, X .- may be determined using only the sensed

voltages and currents. Turning again to Figure 1, once the fault 160 has been detected
by IED 110, the IED 110 can determine the location of the fault using the sensed fault
voltage and fault current to determine X,z That is, the IED 110 uses the known line
parameters to calculate the distance to the fault along the path of the electric power
delivery system using the calculated reactance to the fault.

[0038] For this calculation, the IED 110 must have the information related to the
physical parameters of the power conductor(s) from the |IED to the fault. To that end,
these parameters may be stored within the IED for retrieval and use during the
calculation of the fault location. That is, the IED may have stored the information
related to the length, sequence resistances, sequence reactances, and such
parameters of lines 132, 138, 140, and 142. With this information, X4 can be
compared with accumulated reactances at points along the path to the fault to
determine a location of the fault. The location of the fault may be reported as a
distance to the fault following the path of the conductor.

[0039] Certain electric power delivery systems include branches from a primary
feeder. Typically a common feeder is monitored and protected by an IED. Figures 6-8
illustrate one-line diagrams of electric power delivery systems 600, 700 and 800.
Figure 6 illustrates an electric power delivery system 600 with a common feeder
segment S1 monitored by IED 602. Common feeder segment S1 extends from node
N1 to node N2, and is connected to two branch segments S2 and S4 extending from
node N2 and that operate in parallel to each other. Branch segment S2 extends from
node N2 to node N3, where branch segment S3 extends further to node N4. Branch
segment S4 extends from node N2 to node N5, and is in connection with two further
branch segments S5 and S6, each extending from node N5 and that operate in parallel
to each other. Branch segment S5 extends from node N5 to node N6, and branch
segment S6 extends from node N5 to node N7.

[0040] Although many or all of the segments may include switches, transformers,
circuit breakers, and other electric power delivery system equipment, Figure 6
illustrates a single circuit breaker 611 located on segment S1. The circuit breaker may
be opened or closed, and may be monitored and/or controlled by an |IED 602.

8
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[0041] Each segment of the electric power delivery system 600 may include various
parameters, such as the conductor type, phases present in the segment, positive-
sequence reactance X1, positive-sequence resistance R1, the zero-sequence
reactance X0, zero-sequence resistance RO, the length D, and so forth. Table 1

illustrates the parameters of each segment of the electric power delivery system:

Table 1

Segment |Conductor|Phase(s) Length| R1 X1 RO X0
Type (ft) (Ohm)|(Ohm){(Ohm)|(Ohm)
S1 750CU ABC D51 Rlsl Xlsl ROSl XOSl

S2 336AAC AB Ds; | Rls; | X1sy | ROs; | XOs;

S3 336AAC A D53 R153 X153 R053 X053

S4 336AAC | ABC Dss | Rlsa | X1s4 | ROssa | XOssq

S5 750CU ABC D55 R155 X155 R055 X055

S6 750CU ABC D56 R156 X156 R056 X056

[0042] The electric power delivery system 600 is monitored and protected by IED
602, which may collect power system information from the conductor at common feeder
segment S1 using, for example, current transducers (CTs), potential transducers (PTs),
Rogowski coils, and the like, to obtain electric power delivery system voltages and
currents therefrom. Using the electric power delivery system information, IED 602 may
calculate further power system information, such as sequence voltages, sequence
currents, frequencies, phase voltages, phase currents, impedances, sequence
impedances, reactances, sequence reactances, and the like. The distance to the fault
may be calculated by a fault locator 650 that may be a module operating on IED 602, or
on a separate device in communication with IED 602. The fault locator 650 may
perform the steps of receiving an indication that a fault condition has been detected,
requesting electric power system fault information (such as fault voltages, fault currents,
and the like), and performing the calculations to determine possible locations of the
fault. The fault locator 650 may perform these tasks automatically upon receiving an

indication that the faulted condition has been detected.
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[0043] As described above, if a fault 660 were to exist on the electric power delivery
system, the IED 602 may determine the fault type using the gathered electric power
delivery system information. With the electric power delivery system information, the
IED 602 may then calculate the fault type, and determine X4 660. For example, if it
has been determined that the fault type is A-phase-to-ground, then Equation 2.1 is used
to calculate the calculated total sequence reactance to the fault. Further, using Xcae
and the electric power delivery system information as indicated in Table 1, the IED may
determine possible fault locations in terms of the distance to the fault along each of the
three possible paths to possible fault locations. That is, path 1 includes segments S1,
S2, and S3; path 2 includes segments S1, S4, and S5; and, path 3 includes segments
S1, S4, and S6.

[0044] Figure 7 illustrates another configuration of the electric power delivery system
700, where the system is monitored by two IEDs 702 and 704. |ED 702 is located on
segment S1, and is configured to detect downstream faults on the electric power
delivery system 700, and control circuit breaker 711. Accordingly, |[ED 702 would
detect fault 760 on segment S6. The electric power delivery system 700 is further
monitored by IED 704 located on segment S6, and which is in communication with
recloser 710. |ED 704 may be, for example, a recloser control, configured to monitor
segment S6 (by obtaining power system conditions therefrom such as voltage, current,
frequency, and the like), and operate recloser 710 upon occurrence of certain power
system events. For example, IED 704 may be configured to operate recloser 710, if
fault 760 is detected.

[0045] System 700 may further include a fault locator 750 for determining the
location of a fault once the fault has been detected on the electric power delivery
system. As illustrated, fault locator 750 is a module resident in IED 702. However, the
fault locator 750 may be a module resident in IED 704. Nevertheless, the fault locator
750 may be configured to receive electric power system information upon occurrence of
a fault, and use the electric power system information to determine the location of the
fault. As illustrated above, fault locator 750 may be configured to calculate Xz using
the fault voltages and/or currents detected and available from IEDs 702, 704.

[0046] It should be noted that in system 700, both IEDs 702, 704 will detect fault
760, and both will gather the faulted electric power system information because fault
760 is electrically downstream from each IED 702, 704. IED 704 is in communication

with IED 702, and the faulted electric power system information collected by IED 704
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would be communicated to IED 702. |IED 704 may also send a flag indicating that fault
760 has been detected. Fault locator 750 would then have two sources or fault data
available to determine the fault location. Fault locator 750 may decide which set of
faulted electric power system information to use — that from IED 702 or that from IED
704. Fault locator 750 may be configured to select the best data for fault location. The
best data may be that from the IED that is electrically closest to the fault. The best data
may be data that is sufficiently accurate for fault location calculations. A preliminary
calculation of the distance to the fault using the data from IED 702 and the data from
704 would give an indication of the |IED electrically closest to the fault. In this case, IED
704 is electrically closest to fault 760, and the collected power system information from
IED 704 would, therefore, most likely be more accurate than the data gathered by the
more distant IED 702. Accordingly, the fault locator 750 could choose to perform its
fault location calculations using the data from IED 704 rather than the data from |IED
702. Thus, the fault locator 750 selects the best data for determining fault location.
[0047] Figure 7 also illustrates another fault 761 on segment S5 of the electric power
delivery system 700. In the case of the occurrence of fault 761 instead of fault 760, IED
704 would not detect fault 761, and so, would not send information related thereto or
indication thereof to IED 702 (or to the fault locator 750). In this case, the fault locator
750 would use only the electric power delivery system information from IED 702 to
calculate the location of fault 761.

[0048] Furthermore, although not illustrated, the fault locator 750 may operate as a
module on IED 704 instead of on IED 702. In this case, |IED 704 and fault locator 750
would not need electric power delivery system information from |IED 702 to detect or
calculate the location of fault 760. However, because only IED 702 would detect fault
761, a fault locator operating on IED 704 would need electric power delivery system
information from IED 702 to calculate the location of fault 761.

[0049] Figure 8 illustrates yet another configuration for monitoring the electric power
delivery system 800. According to this configuration, fault locator 850 is a separate
device from IED 802 and IED 804. As above, IED 802 may be configured to monitor
the entire electric power delivery system from its position on Segment S1 and operate
circuit breaker 811. IED 804 may be a recloser control for operating the recloser 810
on segment S6. Both IEDs may be in communication with the fault locator 850, and
may communicate detected fault information thereto. As above, once fault 860 occurs
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on the system, the fault locator 850 receives the electric power system fault data, and

selects the best data to use for performing the calculations of the fault location.

[0050] When the configuration includes more than one IED, and the fault locator
selects the data from a particular IED to use for its fault location algorithms, the fault
location may be calculated from the IED where the data is gathered. That s, the
calculated distance to the fault will be calculated as a distance from the |IED providing
the data for the fault location.

[0051] As mentioned above, determination of the location of the fault may be
performed using the above equations, or other equations that may be useful for
determining the distance to the fault. Figure 9A illustrates generally a process flow
diagram useful for determining the location of the fault 900. The method 900 starts 902
when a fault is detected on the electric power delivery system. The detection of a fault
may trigger a fault locator, such as any of those illustrated in Figures 6-8, operating in
an |ED that is in communication with the electric power delivery system, or in an |IED
that receives information from IEDs in communication with the electric power delivery
system. Once a fault is detected by an IED, the IED may send an indication of the
faulted condition (by setting a communication bit, setting an alarm contact, sending a
message, or the like) to the fault locator that a fault has been detected. The fault
locator may then request electric power system fault information from the one or more
IED(s) that detected the fault, or the IED(s) could simply send the electric power system
fault information to the fault locator upon detection of the fault. In either case, the fault
locator automatically acquires the fault information from the IED(s).

[0052] If the fault locator receives fault information from more than one |IED, the fault
locator selects the fault information 904 that is most productive for the fault location
method. That is, the information gathered from a location electrically closest to the fault
may be most productive. If the information is of a lower quality (gathered by an IED of
lower quality) than information from another IED, it may be less productive for use in
the fault location algorithms. The fault locator may be programmed during setup as to
which IEDs provide high quality information and which IEDs provide lower quality
information, and the fault locator may be then biased toward using electric power
delivery system information from the IEDs providing higher quality information. As
mentioned above, if more than one |ED reports the fault, the fault locator can select to
use the fault information only from the IED electrically closest to the fault. With the
selected fault information (such as voltages and currents), the method next identifies
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the fault type (phase-to-ground, phase-to-phase-to-ground, phase-to-phase, three-
phase, three-phase-to-ground, or the like, along with which phase(s) is/are involved in

the fault) 906. Once the fault type has been determined, the method calculates the

reactance to the fault 908 (X, ai) using, for example, the equations described above.

Once X4 to the fault is determined 908, the method uses X4 to the fault to
determine the possible locations of the fault on the electric power delivery system 910.
[0053] The method receives detailed line model information 912 concerning the
electric power delivery system. The detailed line model information 912 may include
the physical parameters and/or configuration of the electric power delivery system. For
example, the information may include the topology of the system in terms of nodes,
segments, circuit breaker configuration (open or closed), switch configuration (open or
closed), phases present on each segment, IEDs present on each segment, conductor
types for each segment, conductor lengths for each segment, reactances (sequence or
phase) for each segment, resistances (sequence or phase) for each segment,
conductor types for each segment, faulted circuit indicators (FCls) present on each
segment and their position on the segment (e.g. in terms of length along the conductor
from the “from” node to the FCI), and the like. The method may use this detailed line
model information to determine the possible fault locations. For example, the method
may use the detailed line model 912 to determine which of the calculated possible fault
locations includes the faulted phase(s) and which do not. Those that do not include the
faulted phase(s) are removed from the list of possible fault locations. Further, the
method may remove possible fault locations based on the impedance criteria of the
segments as indicated in the detailed line model. Once the possible fault locations
have been determined 910, the method reports the possible fault locations 914. The
reporting may be performed as an output to a human-machine interface (HMI), a report
sent via electronic means, a report stored for retrieval, or the like. Once the possible
fault locations have been reported 914, the method ends 916.

[0054] As mentioned above, when data from more than one IED are available, and
the method selects the data from one of the IEDs, X 4 is calculated as the calculated
reactance to the fault from the location of the IED that reports the fault data that is used
by the fault locator to determine the fault location.

[0055] Various methods may be used to calculate the possible fault locations using
the calculated reactance to the fault, some of which are described below.
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[0056] One method for determining the possible fault locations is to calculate an

accumulated reactance and accumulated distance for the line segments and to
compare the accumulated reactance against X s As with several of the methods
described below, this method may use a lookup table populated with accumulated
reactances and distances that can be used to compare with X4, or the reactances

and distances can be summed by following the various paths to possible fault locations.
[0057] With the available line segment information as indicated in Table 1, the fault
locator can calculate the accumulated reactance and the accumulated distance of each
line segment. The accumulated line reactance of a line segment is defined as the
summation of the line reactance of this line segment together with the line reactance of
all other segments that connect this line segment to the measurement point. Each line

segment may have two accumulated line reactance values, namely, X072 and
X1 Given the electric power system illustrated in Figure 6, the accumulated line
reactance values for each line segment are defined in Table 2. In Figure 6, X7x, X0k,

and Dy are the respective positive-sequence reactance, zero-sequence reactance, and

length for segment k.

Table 2
Line Accumulated | Accumulated X012 (X012,.) | Accumulated
Segment X1 (X1.00) Distance
(Daco)
St X1, 2"X1,+X0; D
S2 X11+X15 2% (X11+X15)+(X04+XO0,) D:+D,
S3 X1+ X1+ X153 [2%(X11+X12+X13)+(X01+X02+X03)|D1+Do+D3
S4 X11+X1, 2% (X11+X1,4)+(X04+X04) D:+D4
S5 X114+ X144+ X15 |[2%(X11+X14+X15)+(X01+X04+XO05)|D1+D4+Ds
S6 X114+ X144+ X1e |[2%(X11+X14+X16)+(X01+X04+X06)|D1+D4s+Ds

[0058] For single-phase-to-ground faults, the total sequence reactance may be
calculated according to Equation 2.1, above, and used for fault location in conjunction
with Table 2. For other fault types, the positive-sequence reactance X7 may be

calculated according to the above equations. However, other equations and techniques
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may be used to calculate reactance to the fault for use in conjunction with Table 2. For
example, other equations may be used to calculate a positive-sequence reactance to
the fault for single-phase-to-ground faults, and used in conjunction with Table 2 to
locate the possible fault locations.

[0059] As mentioned above, the accumulated line reactance values and total
distance of each line segment can be pre-calculated and stored in a lookup table such
as Table 2 if the feeder topology does not change during power system operation.
Alternatively, the values can be stored in a table such as Table 2, and the table can be
updated upon topology-changing events such as switching or opening/closing of a
circuit breaker or the like. Otherwise, the values such as those in Table 2 can be
calculated using the latest topology data in real-time to determine the possible fault
locations.

[0060] Figure 9B process flow chart for determining the possible fault locations using
the lookup table such as one illustrated in Table 2. The method continues from
calculating X2 908 as described in the method of Figure 9A. The method then
proceeds to populate a list 909 of possible fault locations based on the accumulated
reactance Xacc « in the segments of the electric power system (where subscript k

denotes the particular segment number). The list is populated 909 with segments that

meet all of: 1) the accumulated reactance for the segment Xacc_k is greater than or
equal to Xeai; 2) Xearc is greater than the accumulated reactance for the segment

Xacc_k minus the segment reactance Xj; and, 3) the segment includes the faulted
phase as determined during fault identification.

[0061] The method may then determine the length to the possible fault location along
each of the remaining segments 913 in the populated list by finding the difference

between the accumulated line distance Dacc_k to the end of the possibly faulted
segment and the product of the line segment length Dy and the ratio of the difference
between the accumulated reactance to the end of the segment Xacc_k and X to the

reactance of the segment X as indicated in Equation 3.1:

Xacc k—Xcal
acc_ catitc * Dk

Fault Locationy = Dgee o — "
- k

Eqg. 3.1

The method may then report the possible fault locations 914 and end 916.

[0062] One method of determining the possible fault locations is to use a lookup

table populated with reactance values for various points along the conductive paths of
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the electric power delivery system. The table may include points that are relatively

close such that a comparison of X, with the reactances in the table would yield

satisfactory estimates of the possible fault location. For example, the reactances could

be calculated and stored in the table for every 10 feet along each possible path.

Alternatively, the table could include a list of possible reactances and corresponding

locations on the electric power delivery system. The IED would compare X ¢ against

the reactances in the table to find the segments and locations that are associated with

the reactance in the table. Table 3 is one example of a possible lookup table for one of

the electric power delivery systems of Figures 6-8.

Table 3
Reactance| Possible Location A | Possible Location B | Possible Location C
X (Ohm) [Seg.|Distance|Phase(s)|Seg.|Distance|Phase(s)|Seg.|Distance|Phase(s)|...
Along Along Along
Segment Segment Segment
(ft) (ft) (ft)
0.4000 |S2 |3080.6 | AB |S4|3239.1| ABC
0.4500 | S3 34 A S4 | 3693.5 | ABC
0.5000 |S3 | 404.1 A S5 | 387.2 ABC | S6 | 448.1 |ABC
0.5500 | S3 | 804.8 A S5| 813.3 | ABC |S6 | 941.3 |ABC
0.6000 | S3 | 1205.4 A S5 1239.4 | ABC | S6 | 1434.5 |ABC
0.6500 | S3 | 1606.1 A S5 | 1665.5 | ABC | S6 | 1927.7 |ABC
0.7000 | S3 | 2006.7 A S5 2091.6 | ABC | S6 | 2420.9 |ABC
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[0063] Figure 9C illustrates a process flow chart for determining the possible fault
locations using the lookup table such as one illustrated in Table 3. This method follows
from method 900, with further detail of the step of calculating possible fault locations
910. Before the reactance is calculated 908 using the values available to the IED, a
lookup table is built 924 using the most recent available detailed line model 912. The
most recent line module, as described herein, includes topology information of the
electric power delivery system, physical parameters of the segments of the electric
power delivery system, and so forth. Accordingly, the lookup table will not include
segments that have been switched out before the most recent detailed line model is
created, and includes the phases present on each of the segments listed therein, as
well as updated distances and reactances for each segment depending on the topology
of the system before the most recent detailed line model was created. The lookup table
is searched 920 for a reactance with a value closest to Xz A list of possible fault
locations is then populated with the possible fault locations found using the lookup table
922 that have reactance values closest to X zcand include the faulted phase. This list
of possible fault locations may be reported 914.

[0064] The detailed line model 912 includes information about the electric power
delivery system that may be used to better evaluate which of the possible fault locations
may actually be faulted. To that end, the detailed line model 912 may include physical
electric power delivery system information such as the phases present on each
segment, the state (open or closed) of circuit breakers on each segment, the state of
switches (open or closed) on each segment, and the like. In determining the fault type,
the IED determines which is/are the faulted phase(s). If the determined faulted
phase(s) is/are not present in one of the possible fault location segments from the
lookup table, the IED does not include that possible fault location in the populated list
922. Further, if a circuit breaker or switch to a reported possible fault location was open
before the fault occurred, the IED may remove or not include that possible fault location
from the table. Accordingly, the table does not include those possible fault locations
where the faulted phase(s) is/are not present, or segments that are not receiving power
in the path expected by the lookup table due to an open switch or circuit breaker. Once
the possible fault locations on the list are reported 914, the method ends 916.
[0065] In one example, the electric power delivery system 600 may include a
configuration of that of Figure 6. The fault 660 may exist at about 2150 feet along
segment S6 on phase C. The IED 602 would sense the fault, determine the fault type,
17
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and calculate X,z from the IED as 0.6677 Ohm. Using Table 3 as the lookup table,
the IED would compile a list of possible fault locations that includes 1665.5 feet along
segment S5, and 1927.7 feet along segment S6. Because the fault identification
indicated that the fault was on phase C and segment S3 does not include phase C (as
indicated in Table 4), the location of 1606.1 feet along segment S3 is not included in the
list. Further, the detailed line model indicates that all switches leading to segment S6
along the path of segment S1 to segment S4 to segment S6 are closed, so the location
on segment S6 remains a possibility. The IED then reports the two possible fault
locations as 1665.5 feet along segment S5, and 1927.7 feet along segment S6. The
actual location of the fault is 2101.5 feet along segment S6.

[0066] In another method, fault locator 650 may include in memory (or receive from
IEDs 602, 604, or compile using data received from IEDs 602, 604) a table of the
reactance at various points or nodes (e.g. from the IED 602 to the node) along various
paths in the electric power delivery system. The table could further include physical
parameters for each segment useful for determining a sum of the reactance on the
segment from one of its nodes. Alternatively, a separate table indicating this
information (such as Table 1, above) may be used in conjunction therewith. Table 4 is
an example of one such table that includes the positive-sequence reactance at each
node (indicated as “From” and “To” nodes for each segment, the lengths to the “To”
nodes on each segment, and positive-sequence and zero-sequence reactances for

each segment.
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Table 4
Segment|{From|Reactance| To |Reactance|lLength| Segment | Segment |Phase(s)
Node| X; rom |Node| X; o |toTo | Positive-| Zero-
(Ohm) to (Ohm) to | Node |Sequence |Sequence
From To Node | D,. |Reactance|Reactance
Node (ft) | X; (Ohm) | X, (Ohm)
S1 N1 0 N2 | 0.0436 | 1077 | 0.04357 0.204 ABC
S2 N2 | 0.0436 | N3 [ 0.4496 | 3509 | 0.406 1.5072 AB
S3 N3 | 0.4496 | N4 | 1.2675 | 6554 | 0.8179 | 2.8827 A
S4 N2 [ 0.0436 | N5 | 0.4546 | 3735 | 0.411 1.521 ABC
S5 N5 | 0.4546 | N6 [ 0.8566 | 3426 | 0.402 1.4928 | ABC
S6 N5 | 0.4546 | N7 | 0.8807 | 4203 | 0.4261 | 1.5389 | ABC
[0067] A comparison of Xac against the reactances in the table would yield the

possible faulted segment(s) and possibly an estimate of the location on the faulted

segment(s) of the fault. That s, following the method illustrated in Figure 9D, after the

fault locator calculates the reactance to the fault 908, it would search the lookup table to

determine which segments had nodes with reactance values that straddle Xz 926

(the reactance of the “From” node is less than X a, and the reactance of the “To” node

is greater than X.z.). These segments would populate the list of possible fault

locations 928. The fault locator may receive the detailed line model 912 and remove

possible faulted segments from the populated list using the detailed line model 930.

Alternatively, the table may be built with the most recent detailed line model 912 and

include an indication of the phases present on each segment, as illustrated in Table 4.

The list may then be populated only with faulted segments that include the faulted

phase.
[0068]

To further determine the possible fault location, the fault locator would then

calculate the distance along each segment remaining in the list to the possible fault

locations using a linear relationship of the reactances and segment length. To this end,

the fault locator determines the remaining reactance Xgmain by subtracting Xzzc from

the reactance at the “To” node Xk_To of each segment in the populated list 932. Using
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the remaining reactance Xemain, the reactance of the segment Xj, and the length of the

segment Dy, the fault locator calculates the distance along the segment of the possible
fault location 934. This may be done by multiplying the ratio of the remaining reactance
Xremain t0 the segment reactance Xj by the segment length Dy, and subtracting this

Xremain

* D.. These possible
Xk

quantity from the segment length Dy. Thatis, D}, —

fault locations are then reported 936 and the process ends 916.

[0069] Another similar method may be used without a lookup table for determining
the length along the electric power delivery system to the fault as well as the length
along each possibly faulted segment to the possible fault location by following each
possible path along the system. This method simply sums up the reactances along
each path, and compares the sums against Xzac. The distance to the fault on a
possibly faulted segment can be calculated as above using a linear relationship
between a ratio of reactances and lengths of the segment and as accumulated.

[0070] As mentioned above, electric power delivery systems may include a number
of electric power line sensors such as FCls that are configured to collect information
from the power line, make certain calculations thereon to make determinations as to the
state of the power system, and may further be configured to display certain power
system events or conditions, and/or report power system evens or conditions to a
central unit. For example, FCls may be installed on a distribution system to make
visual indications of permanent and/or temporary faults on the distribution system.
Further, FCls may be configured with radio communications to send messages
concerning power system events and conditions to an IED monitoring the segment of
the distribution system on which the FCl is installed. US Patent Application Publication
No. 2010/0013632 (with Serial No. 12/175,584) entitled “Transceiver Interface for
Power System Monitoring” describes a system where FCls capable of radio
communication are used to communicate fault location and is herein incorporated by
reference in its entirety.

[0071] An IED monitoring such an electric power distribution system may receive
power system information from the various FCls. The power system information may
include, for example, FCI identification, sensed voltage, sensed current, permanent
fault flag, temporary fault flag, time of event, and the like. Such information can be
quite helpful in calculating the location of the fault and determining the proper location

of the fault on the electric power delivery system.
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[0072] Figure 10 illustrates a one-line diagram of an electric power delivery system
1000 with various segments and nodes (similar to those in Figures 6-8). The electric
power delivery system 1000 is monitored by an IED 1002 in communication with
segment S1, as well as by various FCls 1022, 1024, 1028, and 1030 associated with
each of the various segments of the electric power delivery system. It should be noted
that an FCI does not need to be installed on a particular segment to be “associated”
therewith, as a properly functioning FCI will detect and report faults electrically
downstream from itself. For example, although segment S3 has no FCls installed
thereon, segment S3 does have an FCI associated therewith, namely 1022. |IED 1002
may be in communication with and operate circuit breaker 1011. More or fewer FCls
may be used to monitor the various line segments of the system. The segments may
include circuit breakers and/or switches for opening, closing, or switching the segment
in or out of service.

[0073] Each FClis in communication with the IED 1002. The communications
between FCIs 1022-1030 and IED 1002 may use any of the various available
communication technologies such as contacts, conductors, fiber-optic cables, radio-
frequency communication, or the like. As described in the US Patent Application
Publication No. 2010/0013632 referenced above, in one example, FCls 1022-1030 may
all communicate with IED 1002 using radio communications.

[0074] FCls 1022-1030 may be configured to monitor the conductors with which they
are associated for various conditions, including faulted conditions. FCls 1022-1030
may be configured to monitor for an overcurrent condition on the associated conductor
and indicate when such a fault condition is present on the conductor. FCIs 1022-1030
may be further configured to determine whether the fault is permanent or temporary.
FCls 1022-1030 are configured to report to the IED when a fault is detected, and may
display a faulted condition on the FCl itself. Figure 10 indicates that FCls 1024, and
1030 have each detected fault 1060, and have indicated the detection of fault 1060.
The fault condition detected by FCls 1024 and 1030 is reported to IED 1002. FCls
1022 and 1028 have correctly neither detected nor indicated fault 1060, and
accordingly, do not report that any fault has been detected.

[0075] IED 1002 detects fault 1060, and initiates its fault location algorithm to
calculate the location of the fault. As indicated above in conjunction with Figure 6, IED
1002 may include a fault location module for calculating possible fault locations or the

fault location module may be included in a separate device in communication with |[ED
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1002. The fault location algorithm may follow the general steps as indicated above, but
further include the step of removing segments from the possible faulted location list
using data gathered from the FCls.

[0076] As described above, the fault locator may function as a module within IED
1002, or in a stand-alone device, or in another |IED on the electric power delivery
system. Figure 11 illustrates another configuration for monitoring electric power
delivery system 1100 using IED 1102, IED 1104 (which may be a recloser control) in
communication with recloser 1110, fault locator 1150, and various FCls 1122, 1124,
and 1128. FCI 1124 correctly detects fault 1160 and report it to fault locator 1150, as
do IEDs 1102 and 1104. FCls 1122 and 1128 correctly neither detect nor indicate
detection of fault 1160. IED 1102 may be in communication with and operate circuit
breaker 1111. As above, communications may be by any means available such as
conductor, fiber-optic, radio frequency, or the like. Further as described above, the fault
locator may select the fault data from the best source (electrically closest to the fault
and/or best quality data) for performing the fault location calculations.

[0077] The fault locator may use information from the FCls to provide more accurate
possible locations for the fault. Generally, if an FCI does not indicate a faulted
condition, then the fault locator removes from (or does not include in) a list of possible
fault locations all segments associated with that FCI. Accordingly, in Figure 10,
because FCI 1022 does not indicate a faulted condition, segments S2 and S3 will not
be included in the list of possible fault locations. Further, the fault locator may
determine if an FCI does indicate a fault condition, then all segments that are not
associated with that FCI are either removed from or not included in the list of possible
fault locations. Turning again to Figure 10, because FCls 1030 and 1024 indicated a
fault condition, segments not associated with an indicating FCI (segments S2, S3, and
S5) will not be included in the list of possible fault locations. Further still, the fault
locator may retain only segments associated with an FCI that indicates a fault condition
that is also electrically furthest downstream in the electric power delivery system. Again
turning to Figure 10, segment S6 would be kept in the list of possible fault locations
because the associated FCI 1030 is electrically further downstream than FCI 1024.
With these three criteria, the fault locator includes only segment S6 in the list of
possible fault locations. Further refinements as to the location of the fault on segment
S6 may be made using the methods described herein.
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[0078] In order to use the fault detection information available from FCls, the
particular locations of the FCls may be available to the fault locator. The detailed line
module indicates which line segments include associated FClIs, and may include their
relative positions on the segments and/or other identifying information concerning the
FClIs such as serial number or the like. Accordingly, each FCI may be configured to
report its identification or location information to the fault locator. Such location or
identification information may be in the form of a serial number, a segment number,
position coordinates (such as from a global positioning system (GPS) or the like that
may be programmed into the FCI upon installation), or such.

[0079] Figure 12A illustrates a process flow diagram 1200 of a method for
calculating the location of the fault using both data from an IED as well as information
available from FCIs. The method 1200 starts 1202 when a fault is detected. The fault
locator may function as is described above to receive indication of the detection of the
fault and to receive the fault data from the IED(s). Fault detection information from the
FCls may also be communicated to the fault locator. The fault locator then selects
current and voltage measurements during the fault to use in its fault location
calculations 1204. As above, fault data may be available from multiple IEDs, and the
fault locator may select the best fault data. Once the appropriate fault data is selected,
the fault locator identifies the fault type 1206. With the fault data and the fault type
indication, the method calculates the reactance to the fault 1208, also as described
above. The method then calculates the possible fault locations 1210. The step of
calculating the possible fault locations 1210 may follow any of the methods as
described above in conjunction with Figures 9B, 9C, or 9D to create a list of possible
fault locations. The step may include use of the detailed line model 1212, as described
above, to narrow down the list of possible fault locations based on the phases involved
in the fault and the phases present at each of the calculated possible fault locations,
and on line impedance criteria.

[0080] The method 1200 also uses FCI reports to more accurately create a list of
possible fault locations. The method asks whether any FCls report the fault 1216. If no
FCls report the fault, then all of the line segments that have an associated FCI are
removed from the list of possible fault locations 1218, and the method reports the
remaining list of possible fault locations 1226 as described above, and ends 1228. If,
however, there are FCls that are reporting the fault condition, the method removes from
the list all line segments that have no FCI(s) associated therewith 1220. The method
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keeps the line segments with the FCI(s) that report the fault condition that are also the
FCI(s) that are furthest from along the path to the possible fault location 1222. That is,
turning to Figure 10, only segment S6 would remain in the list because that is the
segment with an FCI 1030 that is furthest along the path to the possible fault location
that is indicating a faulted condition. With the list thus created and refined, the method
finally reports the list of possible fault locations 1226 and ends 1228.

[0081] Figure 12B illustrates another arrangement of a similar method as that
described in conjunction with Figure 12A. Method 1201 starts 1203 with determining
whether any FCls report the faulted condition 1217. If not, then the method does not
include line segments with associated FCls in the list of possible fault locations 1219.
The method then proceeds to calculating the fault location using electric power delivery
system information beginning with selecting the current and voltage measurements
during the fault 1205. Otherwise, the method creates a list of possibly faulted segments
by first not including any line segments that have no FCls associated therewith 1221.
Further, the list will include each segment with FCls reporting a faulted condition where
the FCl is the furthest along the path to the possible fault location 1223.

[0082] With this list of possible fault locations by segment, the method continues to
perform the fault location calculations as described previously herein. In detail, the
method continues to select current and voltage measurements during the fault to use in
its fault location calculations 1205. As above, fault data may be available from multiple
|IEDs, and the fault locator may select the best fault data. Once the appropriate fault
data is selected, the fault locator identifies the fault type 1207. With the fault data and
the fault type indication, the method calculates the reactance to the fault 1209, also as
described above. The method then calculates the possible fault locations 1211 from
the list of possible faulted segments in steps 1221 and 1223. The step of calculating
the possible fault locations 1211 may follow any of the methods as described above in
conjunction with Figures 9B, 9C, or 9D to create a list of possible fault locations. The
step may include use of the detailed line model 1213, as described above, to narrow
down the list of possible fault locations based on the phases involved in the fault and
the phases present at each of the calculated possible fault locations, and on line
impedance criteria. The method then proceeds to report the possible fault location(s)
1227 and ends 1229.

[0083] In one alternative, a fault locator on a system with both IEDs and FCls may
be configured to use the information provided from the IEDs and FCls in different ways
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than as described above. For example, the fault locator may be configured to use
power system fault data from a particular IED (such as IED 1102 of Figure 11), and
treat data received from any other FCls and/or IEDs as simply indications that a fault
has been detected at that location. That is, data from IED 1104 would be treated as a
fault indication. In this case, the IED 1104 may communicate only a flag indicating that
the fault has been detected (along with information identifying the particular IED 1104
such as the IED location, serial number, or the like). Further, the electric power delivery
system may include FCls that are capable of detecting and reporting electric power
delivery system fault data such as currents, voltages, frequencies, and the like. A fault
locator in connection with such FCls may be configured to treat such data as it would
data received from an IED. Accordingly, the data from the FCI electrically closest to the
fault may be used to calculate the fault location, and the fault location may be reported
as the distance from the FCI electrically closest to the fault. Furthermore, the data from
the FCl that is electrically closest to the fault and that gives the best data may be
selected for use in the fault location determination.

[0084] Further, in using the methods described above, the fault locator may
determine which power line sensor (such as an IED or FCI) is closed to the fault,
determine that the segment associated therewith is the faulted segment, and refine the
location of the fault along the particular segment using the voltage and current
measurements from the particular power line sensor.

[0085] Figure 13 illustrates a functional block diagram of an IED that may be used to
determine the location of the fault according to the disclosure herein. As discussed
above, the IED that includes the fault location module 1302 may be an IED in direct
communication with the electric power delivery system (such as a protective relay, a
voltage regulator controller, a capacitor bank controller, a phasor measurement unit, or
the like), or an IED that receives information from an IED in direct communication with
the electric power delivery system (such as a communications processor, an
automation controller, a vector processor, an industrial computer, or the like). The IED
1300 includes several inputs, including the currents and voltages 1313 obtained from a
first IED at a first local location of the power system. The IED 1300 may further receive
an indication of a fault condition (such as a fault flag, an indication in an event report,
change in state of an output contact or a communications bit, or the like) from an IED
1313. The IED 1300 may also include voltage and current inputs as well as a fault flag
from a second IED 1322, or more |IEDs at different locations on the electric power
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delivery system, as well as from FCIs 1321 in communication with the electric power
delivery system.

[0086] IED 1300 includes a transmit and/or receive module 1310 in communication
with the various inputs 1313, 1322, and 1321 for receiving the flags and/or electric
power delivery system information, and transmitting such information to the fault
location determination module 1320. The transmit and/or receive module 1310 may
further be capable of transmitting communications such as requests, commands, or the
like from the fault location determination module 1320 to the various devices and FCls
in communication therewith. For example, once the fault location determination module
1302 receives a flag indicating a faulted condition, it may request fault information from
the various IEDs and FCls in communication therewith. As previously mentioned,
however, the IEDs and FCls may be configured to automatically transmit electric power
delivery system fault information automatically to the fault locator. The fault locator may
be configured to automatically request fault information upon receipt of an indication of
a faulted condition, or may be configured to require user input to gather such
information.

[0087] IED 1300 includes a fault location module 1302 that includes instructions for
calculating the location of the fault, stored in computer-readable media, and executed
using a processor, FPGA, ASIC, or the like. The fault location module 1302 may
include a transmit/receive module 1310 for receiving the voltages, currents, and fault
indication flags from the various sources. In some embodiments, the IED 1300 may be
in direct communication with the electric power delivery system, and certain of the
measurements may come directly therefrom. These measurements are used by the
fault location module. In other embodiments, the IED 1300 is not in direct
communication with the electric power delivery system, and may receive transmissions
of the information from various other IEDs and FCls. The transmit/receive module 1310
may also receive power system information and indications from power line monitors
such as FCls through the FCl input 1321. The fault location module 1302 may select
which fault information to use as discussed herein, and transmit this information to the
fault location determination module 1320. Power system information and power line
sensor communications are inputs to the fault location determination module 1320
which may operate any of the methods described herein to calculate the location of the
fault (or list of possible locations).
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[0088] Once the fault location determination module 1320 has calculated the

location list of possible fault locations, it communicates the list 1361. The signal 1361
may be sent to further protection modules of the IED, to a remote IED, to a Supervisory
Control and Data Acquisition (SCADA) system, to an alarm contact, or the like. In one
embodiment, the fault location information may be stored and retrieved, or sent (via, for
example, emalil, telephone, instant messaging, or the like) to utility personnel who can
then act to restore service and/or repair the faulted conductor(s).

[0089] Although Figure 13 illustrates the fault location module operating on an |IED
operational for protection of an electric power delivery system, the fault location module
may operate on any processor, FPGA, ASIC or the like with access to the required fault
and power system information. Indeed, a processor, FPGA, ASIC or the like to which
voltage and current information from the power system is communicated, and with
access to the electric power system line segment parameters discussed above may
operate the fault location module to determine the location of the fault. As described
herein, access to FCI information, remote voltage and current information, and the like
may be used by the processor, FPGA, ASIC, or the like to determine fault location.
Computer instructions for the fault location module and the distance function may be
stored in computer-readable media such as memory. The memory may be part of the
processor or a separate memory in communication with the processor.

[0090] Accordingly, the IED of Figure 13 may be a stand-alone device configured to
receive information from IED(s) and/or FCI(s) in communication with the electric power
delivery system, and calculate a fault location therefrom.

[0091] Further, although the above embodiments are described in terms of using a
reactance value, other values may be used to calculate the location of the fault. For
example, instead of reactance, an impedance value may be used. That is, the systems
and methods herein may calculate positive-sequence or total sequence impedance the
fault, and compare that with the impedances of segments of the electric power delivery
system similar to the ways that positive-sequence and total sequence reactances are
used as described above.

[0092] While specific embodiments and applications of the disclosure have been
illustrated and described, it is to be understood that the disclosure is not limited to the
precise configuration and components disclosed herein. Various modifications,
changes, and variations apparent to those of skill in the art may be made in the
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arrangement, operation, and details of the methods and systems of the disclosure

without departing from the spirit and scope of the disclosure.

What is claimed is:
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Claims
1. A system for determining a location of a fault in a radial electric power delivery
system with at least two branches, comprising:

a first device in electrical communication with the radial electric power delivery
system for obtaining power system voltage and current information therefrom and
determining whether a fault condition exists thereon; and,

a fault locator in communication with the first device, including:

a receive module for receiving:

an indication from the first device of a fault condition on the radial
electric power delivery system; and,

radial electric power delivery system data including the voltage and
current information or a value calculated therefrom from the first device;
a fault location determination module for determining possible fault

locations and creating a list of the possible fault locations using:

the radial electric power delivery system data from the first device;
and,

physical parameters of the radial electric power delivery system.

2. The system of claim 1, wherein the fault location determination module further
uses a calculated impedance to the fault calculated from the radial electric power

delivery system data.

3. The system of claim 1, wherein the fault location determination module further
uses a calculated reactance to the fault calculated from the radial electric power

delivery system data for determining the possible fault locations.

4. The system of claim 1, wherein the radial electric power delivery system
comprises segments, and the physical parameters of the radial electric power delivery

system comprise physical parameters for each segment.
5. The system of claim 3, wherein the physical parameters of the radial electric

power delivery system comprise a reactance of the radial electric power delivery
system and a total length of the radial electric power delivery system.
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6. The system of claim 4, wherein the physical parameters comprise a reactance
and a length for each segment, and the fault location determination module uses a
calculated reactance to the fault calculated from the radial electric power delivery
system voltage and current information for determining the possible fault locations.

7. The system of claim 6, wherein the calculated reactance is a symmetrical

component of reactance.

8. The system of claim 7, wherein the symmetrical component comprises positive-

sequence reactance.

9. The system of claim 7, wherein the symmetrical component comprises total
sequence reactance (Xp1o) using the equation:

_ Im(Vphase * I;)
L1

where:
Vphase comprises the sum of a positive-sequence fault voltage, a negative-

sequence fault voltage, and a zero-sequence fault voltage, each referenced to the
faulted phase; and,

I> comprises a negative-sequence fault current referenced to the faulted phase.

10 The system of claim 4, wherein the physical parameters comprises topology of

the radial electric power delivery system.

11.  The system of claim 10, wherein the topology comprises for each segment a
from node and a to node.

12.  The system of claim 4, wherein the physical parameters comprise an indication
of the electrical phases present on each segment

13.  The system of claim 3, wherein the fault location determination module
comprises a table of possible fault locations for a number of reactances along the radial

electric power delivery system.
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14.  The system of claim 13, wherein the fault location determination module
compares the calculated reactance to the fault against the table to produce a list of

possible fault locations.

15.  The system of claim 14, wherein the radial electric power delivery system
comprises segments, the physical parameters of the radial electric power delivery
system comprise physical parameters for each segment, and for each of the possible
fault locations on the list of possible fault locations, the fault location determination
module calculates a length along the corresponding segment to the possible fault
location using a reactance to the end of the segment, the calculated reactance to the

fault, and the length of the segment.

16.  The system of claim 15, wherein the length along the segment to the possible
fault location is calculated using a linear relationship among the length of the segment,
reactance of the segment, the reactance to the end of the segment, and the calculated

reactance to the fault.

17.  The system of claim 2, wherein the radial electric power delivery system
comprises segments, the physical parameters of the radial electric power delivery
system comprise physical parameters for each segment, the fault location
determination module calculates possible fault locations using an iterative method

along each branch.

18.  The system of claim 12, wherein the fault location determination module
removes possible fault locations from the list of possible fault locations for segments

lacking an electrical phase involved in the fault.

19.  The system of claim 10, wherein the fault location determination module
removes possible fault locations from the list of possible fault locations for segments

disconnected from the radial electric power delivery system as indicated in the

topology.
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20. The system of claim 19, wherein disconnected segments are indicated by an

open switch or an open circuit breaker.

21.  The system of claim 10, wherein the topology comprises a topology at a time
before the fault condition.

22.  The system of claim 4, further comprising a power line sensor associated with
and in electrical communication with a segment for obtaining electric power system

information from the segment and determining presence of a fault condition.

23.  The system of claim 22, wherein the power line sensor is in communication with

the fault locator, for communicating an indication of fault detection thereto.

24.  The system of claim 23, wherein the fault location determination module
removes each segment with an associated power line sensor that does not

communicate an indication of fault detection from the list of possible fault locations.

25.  The system of claim 23, when a power line sensor does communicate an
indication of fault detection, the fault location determination module removes all
segments that are not associated with the power line sensor from the list of possible
fault locations.

26.  The system of claim 23, wherein when a power line sensor does communicate
an indication of fault detection, the fault location determination module keeps in the list
of possible fault locations segments associated with the power line sensor that does
communicate an indication of fault detection that is electrically furthest along a path to

the possible fault location.

27.  The system of claim 22 wherein the power line sensor comprises a faulted circuit
indicator (FCI).

28.  The system of claim 22, wherein the power line sensor comprises a second

device in electrical communication with the radial electric power delivery system for
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obtaining power system information therefrom and determining whether a fault

condition exists thereon.

29. The system of claim 4, further comprising a second device in electrical
communication with a segment of the radial electric power delivery system different
from the segment with which the first device is in communication, for obtaining power
system information therefrom, determining whether a fault condition exists thereon, and

communicating the determination and power system information to the fault locator.

30. The system of claim 29, wherein when the fault locator determines whether the
electric power system information from the first device or the second device is better,
and uses the better electric power system information for determining possible fault
locations and creating a list of possible fault locations.

31.  The system of claim 30, wherein the better electric power system information is

the electric power system information obtained from a location closest to the fault.

32.  The system of claim 1, wherein the fault locator comprises a module of the first

device.

33.  The system of claim 29, wherein the second device comprises the fault locator.

34. The system of claim 1, wherein the fault locator is a device physically separate

from the first device.

35.  The system of claim 33, wherein the fault locator requests and receives the
radial electric power delivery system information upon receipt of the indication from the
first device of a fault condition on the radial electric power delivery system.

36. A method for determining a location of a fault having a fault type in an radial
electric power delivery system, comprising a first intelligent electronic device in
electrical communication with the radial electric power delivery system, the method

comprising:
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obtaining, at the first intelligent electronic device radial electric power delivery
system voltage and current information from the radial electric power delivery
system;
determining, at the first intelligent electronic device a fault condition on the radial

electric power delivery system;
communicating the fault condition and radial electric power delivery system data
including the voltage and current information or a value calculated therefrom
from the first intelligent electronic device to a fault locator;
determining using the fault locator a possible fault location on the radial electric
power delivery system and
creating, using the fault locator, a list of the possible fault locations using:
the radial electric power delivery system data; and
physical parameters of the radial electric power delivery system.

37. The method of claim 36, further comprising calculating, using the radial electric
power delivery system data, a calculated reactance to the fault.

38. The method of claim 36, further comprising calculating, using the radial electric

power delivery system data, a calculated impedance to the fault.

39. The method of claim 36, further comprising the steps of:

calculating a calculated reactance to the fault; and

comparing the calculated reactance to a list of possible calculated reactances to
determine the possible fault locations.

40. The method of claim 39, wherein the radial electric power delivery system
comprises segments, and the method further comprises the step of refining each
possible fault location by calculating a distance along a segment to the possible fault
location using the calculated reactance and a length of a segment that includes the
possible fault location.

41.  The method of claim 40, further comprising the step of calculating a reactance to
the end of the segment by summing reactances for each segment in series from the
first device to the end of the segment that includes the possible fault location.
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42.  The method of claim 41, wherein the step of refining comprises calculating the
distance to the fault along the segment using a linear relationship among the reactance
to the end of the segment, the calculated reactance, the length of the segment, and the
reactance of the segment.

43. The method of claim 36, further comprising the step of not including in a list of
possible fault locations locations along segments that so not include a faulted phase.

44.  The method of claim 36, further comprising the step of not including in a list of
possible fault locations, locations along segments that have been removed from
electrical connection with the radial electric power delivery system as indicated in the
physical parameters.

45.  The method of claim 36, wherein the electrical power delivery system further
comprises a power line sensor associated with and in electrical communication with a
segment of the electrical power delivery system, the method further comprising the
steps of:

sending a fault indication from the power line sensor to the fault locator;

using the fault indication from the power line sensor to determine possible fault
locations on the electrical power delivery system.

46. The method of claim 45, wherein the power line sensor comprises a second
intelligent electronic device, further comprising the steps of:

sending radial electric power delivery system data from the second intelligent
electronic device to the fault locator; and

determining whether to use radial electric power delivery system data from the
first intelligent electronic device or the second intelligent electronic device to determine
the possible fault locations.

47.  The method of claim 46, wherein the step of determining comprises determining
whether the first or second intelligent electronic device is electrically closer to the fault.
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48. The method of claim 46, wherein the step of determining comprises determining

whether the first or second intelligent electronic device provides better radial electric
power delivery system data.

49. The method of claim 36, further comprising the step of:

the fault locator requesting and receiving radial electric power delivery system
information upon receipt of an indication from the first intelligent electronic device of a
fault condition.
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