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1
APPARATUS AND METHOD FOR FAULT
DETECTION AND LOCATION
DETERMINATION

FIELD OF THE INVENTION

This application relates to fault detection and, more spe-
cifically to determining fault location and/or direction of
faults in electrical networks.

BACKGROUND

Various approaches have been used over the years to detect
and/or locate electrical faults in electrical networks. In some
of these approaches, a reactance algorithm is used to detect
and/or locate the faults. More specifically, the magnitudes of
the voltage and current of faulted phase and the phase angle
between the voltage and the current are determined. Since the
voltage and current data are typically obtained from a data
sampling device, calculation of the phase angles and the
difference in the phase angles requires a steady-state pure
sinusoidal segment of voltage and current for at least two
power cycles (due to the theoretical requirement of digital
signal processing in the calculation of the magnitude and
phase angle of a digitized signal). Then, once these values are
obtained, a determination as to where a fault exists may be
made. In other words, the above-mentioned previous
approaches must wait until after the onset of fault through the
transient period of fault behavior, for the occurrence of a
post-fault steady state voltage and current and only then, after
obtaining these values, calculate the magnitude and phase
angle for the voltage and current and thereby locate a fault.

Unfortunately, a large portion of permanent faults and the
most transitory/intermittent faults (which are often the pre-
cursors of permanent faults) do not produce the desired long
post-fault steady-state behavior. Instead, these faults quickly
disappear right after a short-lived transient period without
reaching a steady state. The majority of short-lived, transient-
period only faults, whether they are permanent, transitory, or
intermittent, last only about one cycle length of time. For
example, underground insulation breakdown intermittent
faults (for underground cable) or overhead power lines typi-
cally last less than one cycle, most often for about %4 cycle or
less. These sub-cycle faults, which may lead to permanent
faults, need to be located or loss of electric service may occur
as the intermittent faults develop into permanent faults. The
conventional fault location approaches described above are
incapable of locating sub-cycle faults. In fact, in most cases,
these faults are simply ignored by these previous approaches.
Therefore, determination of distance to such a sub-cycle fault
(intermittent or permanent) is not attempted.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 comprises a block diagram of a system that deter-
mines a distance to a fault according to various embodiments
of the present invention;

FIG. 2 comprises a flowchart of one approach that deter-
mines a distance to a fault according to various embodiments
of the present invention;

FIG. 3 comprises a block diagram of an apparatus that
determines a distance to a fault according to various embodi-
ments of the present invention;

FIG. 4 comprises a circuit diagram of a circuit showing one
example of a fault according to various embodiments of the
present invention;
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FIGS. 5A and 5B comprise a circuit diagrams of circuits
showing one example of a fault according to various embodi-
ments of the present invention;

FIG. 6 comprises a circuit diagram of a circuit showing one
example of a fault according to various embodiments of the
present invention;

FIG. 7 comprises a circuit diagram of a circuit showing one
example of a fault according to various embodiments of the
present invention;

FIG. 8 comprises a circuit diagram of a circuit showing one
example of a fault according to various embodiments of the
present invention;

FIGS. 9A, 9B and 9C comprise circuit diagrams of a circuit
showing one example of a fault according to various embodi-
ments of the present invention;

FIG. 10 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 11 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 12 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 13 comprises a flowchart showing one example of an
approach that calculates a distance to a fault and determines
fault type according to various embodiments of the present
invention;

FIG. 14 comprises a diagram of electrical characteristics
utilized to determine fault distance according to various
embodiments of the present invention;

FIG. 15 comprises a diagram of electrical characteristics
utilized to determine fault distance according to various
embodiments of the present invention;

FIG. 16 comprises a diagram of electrical characteristics
utilized to determine fault distance according to various
embodiments of the present invention;

FIG. 17 comprises a diagram of electrical characteristics
utilized to determine fault distance according to various
embodiments of the present invention;

FIG. 18 comprises a diagram of electrical characteristics
utilized to determine fault distance according to various
embodiments of the present invention;

FIG. 19 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 20 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 21 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 22 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 23 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 24 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 25 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 26 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;
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FIG. 27 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 28 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 29 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention;

FIG. 30 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention; and

FIG. 31 comprises a circuit diagram of a circuit showing
one example of a fault according to various embodiments of
the present invention.

Skilled artisans will appreciate that elements in the figures
are illustrated for simplicity and clarity and have not neces-
sarily been drawn to scale. For example, the dimensions and/
or relative positioning of some of the elements in the figures
may be exaggerated relative to other elements to help to
improve understanding of various embodiments of the
present invention. Also, common but well-understood ele-
ments that are useful or necessary in a commercially feasible
embodiment are often not depicted in order to facilitate a less
obstructed view of these various embodiments of the present
invention. It will further be appreciated that certain actions
and/or steps may be described or depicted in a particular order
of occurrence while those skilled in the art will understand
that such specificity with respect to sequence is not actually
required. It will also be understood that the terms and expres-
sions used herein have the ordinary meaning as is accorded to
such terms and expressions with respect to their correspond-
ing respective areas of inquiry and study except where spe-
cific meanings have otherwise been set forth herein.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Approaches are provided that locate sub-cycle faults (both
permanent and intermittent) in electric power circuits. The
approaches described herein sometimes employ injection
approaches and calculate the source impedance under fault
conditions. Then, a calculation of the line inductance to the
faulted location is made and this line inductance may be
multiplied by the known distance/inductance factor ofthe line
to determine the actual physical distance (e.g., in meters, feet,
and so forth) from a measuring device to the fault. Addition-
ally, a determination can be made as to whether the fault is
upstream or down stream of the measuring device. A deter-
mination may also be made as to whether the fault is at the
same or different line in the same bus, or at same bus line or
different bus line of multi-bus configuration, based at least in
part upon a polarity of the determined source inductance.

In many of these embodiments, the calculation of source
inductance and fault distance is accomplished by using the
voltage and current signals measured at, for example, a sub-
station (or some other suitable location) and by applying a
time domain differential equation to inversely obtain the
inductance from the transient waveform represented by the
signals. Advantageously, the approaches described herein do
not require prior information concerning the impedance of
the circuit. In this respect, the source inductance of a substa-
tion circuit can be obtained and the source inductance is used
for faulted phase identification and, consequently, for classi-
fication of faults. The approaches described herein can utilize
time domain signal analysis since the signal itself, in transient
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4

or steady-state, reveals the circuit and the circuit components
from which the signal is obtained and analyzed.

Simplification of a circuit and its component does not
change significantly the signal by considering only the reac-
tance (i.e., inductance and capacitance) of the circuit, espe-
cially in power circuit in which circuit components are reac-
tive dominant. In some aspects, consideration only of the
reactance of a circuit in fault location provides a close real-
ization of an actual circuit. The reactance-only circuit analy-
sis approaches described herein have additional advantages.
For example, these approaches provide for the elimination of
resistors (typically of customer loads) in the circuit analysis,
which makes the approach load independent.

In the signal analysis approaches described herein, the net
fault voltage and current are typically considered and these
values can be obtained by subtracting the nominal voltage and
current from the faulted voltage and current, respectively.
Applying the present approaches theoretically converts the
short-circuited fault condition (which has zero voltage
between the faulted phase and the ground) to a fictitious
voltage source of the same but negative polarity of nominal
value injected at the faulted location. The fault condition at
the fault location can be represented by injecting the negative
polarity of the voltage at a potential fault location immedi-
ately before the fault inception time. Under this injection
approach, the circuit of fault condition is considered to be
supplied by two sources: the main power source of substation
and the injected voltage source. A circuit value (voltage or
current) is obtained for the two-source circuit using the super-
position principle by adding its component values under only
either source activated with the other source deactivated, and
vice versa. Since the present approach utilizes the net fault
value (voltage or current), it considers only the injected volt-
age source as the sole source of the fault circuit but ignores the
main source in the circuit value calculation. The amount of
the injected voltage under the assumed reactive circuit con-
dition is the same as the nominal value at the time immedi-
ately before the fault inception. Advantageously, the
approaches described herein need only a substation or some
other suitable location-measured values of voltage and cur-
rent. No additional information other than these is necessary.

Further, the approaches describe herein obtain a calcula-
tion of the fault distance that accommodates all types of
capacitor bank connections to substation buses, for example,
grounded Y-connected capacitor banks, ungrounded capaci-
tor banks, and no capacitor banks. Other examples are pos-
sible. Additionally, the fault distance is expressed as an induc-
tance value from substation. Since the analysis period of
sub-cycle fault location contains the transient behavior of a
circuit (and which usually contains other frequencies than the
nominal frequency of =60 Hz) the magnitude of the reac-
tance (which has a magnitude defined as 2*(pi)*f*L (for
inductance L) or 1/(2*(pi)*f*C) (for a capacitance C)) cannot
be applied. However, with minor errors accepted, the deter-
mined inductance as a fault distance can be roughly inter-
preted as a reactance using the definition for nominal fre-
quency of the circuit.

The sub-cycle faults are sometimes single line to ground
faults. However, the sub-cycle faults may also be line-to-line
faults and all other types of faults. Therefore, the fault dis-
tance calculation is described herein for all types of fault in a
three-phase power circuit system. These approaches can be
used in other types of electrical systems as well.

In some of these embodiments, an electrical waveform is
received over an electrical power line. A plurality of nominal
electrical parameters are determined for the electrical power
network and the plurality of nominal electrical parameters are
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associated with a state of the electrical power network in the
absence of at least one transitory electrical fault in the net-
work. Subsequently, a plurality of electrical parameters of the
electrical waveform are sampled when the at least one tran-
sitory electrical fault exists in the network. A plurality of
inductances are determined based at least in part upon a
comparison of the nominal electrical parameters and the plu-
rality of sampled electrical parameters. The plurality of
inductances are representative of inductances present in the
network when the at least one transitory electrical fault exists
in the network. The plurality of inductances are analyzed to
determine a distance to the at least one electrical fault.

The sampled electrical parameters may relate to a wide
variety of network conditions. For example, the plurality of
sampled electrical parameters may be voltages and currents.
Other examples are possible.

In other aspects, a fault type is determined based at least in
part upon the plurality of sampled electrical parameters. The
fault type may be a line-to-ground fault and a line-to-line
fault. Other examples are possible.

In some other aspects, the comparison of the plurality of
sampled parameters to the plurality of nominal electrical
parameters is used to determine if a fault has occurred. Vari-
ous approaches to analyzing may also be used. For example,
the analyzing may include multiplying at least some of the
plurality of fault inductances by a known inductance charac-
teristic of the power line to obtain the actual physical distance
(e.g., as measured in meters, feet, and so forth) to the transi-
tory fault. The comparison may also use various approaches
and mathematical operations. For instance, the comparison of
the plurality of nominal electrical parameters and the plural-
ity of sampled electrical parameters may including perform-
ing a subtraction between the plurality of nominal electrical
parameters and the plurality of sampled electrical parameters.
Other examples of analyzing and comparing are possible.

Determining a source inductance may be made based at
least in part upon a comparison of the plurality of nominal
electrical parameters and the plurality of sampled electrical
parameters. Determining whether the transitory fault is
located at an upstream location or a downstream location may
be made based at least in part upon a polarity of the deter-
mined source inductances.

In others of these embodiments, a distance to an electrical
fault in an electrical network is determined. At least one first
network operational parameter is determined and the first
network operational parameter is related to a first electrical
condition of the network in the absence of a transitory fault.
At least one second network operational parameter is deter-
mined and the at least one network operational second param-
eter is related to a second electrical condition of the network
in the presence of the transitory fault. An inductive distance to
the fault based is determined at least in part upon a compari-
son of the at least one first network operational parameter to
the at least one second network operational parameter.

Determining the second network operational parameter
may include sampling electrical voltages or electrical cur-
rents. Further, a fault type may be determined based at least in
part upon at least one of the at least one first network opera-
tional parameter and the at least one second network opera-
tional parameter. The fault type may be a number of types. For
example, the fault type may be a line-to-ground fault and a
line-to-line fault. Other examples of fault types are possible.
In other aspects, the comparing is used to determine if a fault
has occurred.

In still others of these embodiments, a system for deter-
mining fault distance includes an interface and a processor.
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The interface includes an input and an output and is config-
ured to receive an electrical waveform over an electrical
power line at the input.

The processor is coupled to the interface. The processor is
configured to determine a plurality of nominal electrical
parameters for the electrical power network and the nominal
electrical parameters associated with a state of the electrical
power network in the absence of at least one transitory elec-
trical fault. The processor is also configured to subsequently
sample a plurality of electrical parameters of the electrical
power waveform at the input when the at least one transitory
electrical fault exists in the network. The processor is further
configured to determine a plurality of inductances based at
least in part upon a comparison of the nominal electrical
parameters and the plurality of sampled electrical parameters.
The plurality of inductances are representative of inductances
present in the network when the at least one transitory elec-
trical fault exists in the network. The processor is configured
to analyze the plurality of inductances to determine a distance
to the at least one transitory electrical fault and present the
distance at the output.

The plurality of sampled electrical parameters may be a
wide variety of parameters such as electrical voltages and
electrical currents. The processor may also be configured to
determine a fault type based at least in part upon the plurality
of sampled electrical parameters. The fault type may be a
line-to-ground fault and a line-to-line fault to mention two
examples. In other aspects, the comparison of the plurality of
sampled electrical parameters to the plurality of nominal
electrical parameters is used to determine if a fault has
occurred. In other examples, the distance to the at least one
transitory fault is determined by multiplying at least some of
the fault inductances by a known inductance characteristic of
the power line.

Referring now to FIG. 1, one example of a system that
determines a distance to a fault is described. The system
includes an electrical generator/transmitter 102 that transmits
three-phase electrical power over transmission lines 103 to a
substation 104. The substation 104 transforms (e.g., reduces)
the voltage or other characteristics of the transmitted power
and supplies the power to a consumer 120 via transmission
lines 109. The substation transformer 105 includes primary
coils 106, 108, and 110 and secondary coils 112, 114, and
116. The coils form transformers that transform the power
received over the input lines 103 to the output lines (repre-
sented as A, B, and C). A monitoring device 118 monitors the
power and the output of the substation 104 and determines the
existence of an electrical fault 117 as well as the distance to
the fault 117.

The electrical generator/transmitter 102 may be any type of
power supply arrangement. For example, the electrical gen-
erator/transmitter 102 may be a power grid, a power plant,
another substation, or any other type of arrangement that
supplies electrical power.

The consumer 120 may be a home, business, office, school,
or any other type of power consumer. Although only one
consumer is shown, it will be appreciated that other consum-
ers may also exist. Also, it will be understood that other
transmission lines may also exist and that these may be
arranged in any architecture or configuration.

The monitoring device 118 may be any combination of
computer hardware and software that is used to determine a
distance to a fault, in this example, the electrical fault 117. It
will be appreciated that the electrical fault 117 is one example
of a fault disposed in one location and that electrical faults
may exist at other locations anywhere in FIG. 1. The fault 117
may be an intermittent fault, that is, a fault that are physical
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events that manifest themselves occasionally and in often
unpredictable ways within electrical systems or networks.
Although capable of detecting and locating transitory/inter-
mittent faults, it will be appreciated that the approaches
described herein can locate all types of faults including per-
manent faults.

When an intermittent/transitory fault occurs in a system,
the system may produce erroneous results and return back to
a normal state. To take a typical example of particular elec-
trical faults that occur in networks, an underground cable may
be water damaged and a small electrical arc may be created as
a result of the moisture seepage. In this example, the fault
lasts only 1 cycle or so and the normal state is quickly restored
as if nothing happened after moisture is evaporated by the
short arc.

In one example of the operation of the system of FIG. 1, an
electrical waveform is received over the electrical power lines
109 and at the monitoring device 118. A plurality of nominal
electrical parameters are determined for the electrical power
network by the monitor 108 and the plurality of nominal
electrical parameters are associated with a state of the elec-
trical power network in the absence of at least one transitory
electrical fault in the network. Subsequently, a plurality of
electrical parameters of the electrical power waveform are
sampled when the at least one transitory electrical fault (e.g.,
the fault 117) exists in the network. A plurality of inductances
are determined by the monitoring device 118 based at least in
part upon a comparison of the nominal electrical parameters
and the plurality of sampled electrical parameters. The plu-
rality of inductances are representative of inductances present
in the network when the at least one transitory electrical fault
exists in the network. The plurality of inductances are ana-
lyzed to determine a distance to the at least one electrical fault
117.

The sampled electrical parameters may relate to a wide
variety of network conditions. For example, the plurality of
sampled electrical parameters may be voltages and currents.
Other examples are possible. A fault type based at least in part
upon the plurality of sampled electrical parameters may also
be determined by the monitoring device 118. The fault type
may be a line-to-ground fault and a line-to-line fault. Other
examples are possible.

In some other aspects, the comparison of the plurality of
sampled parameters to the plurality of nominal electrical
parameters by the monitoring device 118 is used to determine
if a fault has occurred. Various approaches to analyzing may
also be used by the monitoring device 118. For example, the
analyzing by the monitoring device 118 may include multi-
plying at least some of the plurality of fault inductances by a
known inductance characteristic of the power line to obtain
the distance to the transitory fault. The comparing by the
monitoring device 118 may also use difterent approaches and
mathematical operations. For instance, the comparison of the
plurality of nominal electrical parameters and the plurality of
sampled electrical parameters by the monitoring device 118
may including performing a subtraction between the plurality
of' nominal electrical parameters and the plurality of sampled
electrical parameters. Other examples of analyzing and com-
paring are possible.

Determining a source inductance by the monitoring device
118 may be made based at least in part upon a comparison of
the plurality of nominal electrical parameters and the plural-
ity of sampled electrical parameters. Determining whether
the transitory fault is located at an upstream location or a
downstream location may be made by the monitoring device
118 based at least in part upon a polarity of the determined
source inductance.
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In another example of the operation of the system of FIG.
1, a distance to the electrical fault 117 in an electrical network
is determined. At least one first network operational param-
eter is determined by the monitoring device 118 and the at
least one first network operational parameter is related to a
first electrical condition of the network in the absence of a
transitory fault. At least one second network operational
parameter is determined by the monitoring device 118 and the
at least one network operational second parameter is related
to a second electrical condition of the network in the presence
of'the transitory fault. An inductive distance to the fault based
is determined by the monitoring device 118 at least in part
upon a comparison of the at least one first network operational
parameter to the at least one second network operational
parameter.

Determining the second network operational parameter by
the monitoring device 118 may include sampling electrical
voltages or electrical currents. Further, a fault type may be
determined by the monitoring device 118 based at least in part
upon at least one of the at least one first network operational
parameter and the at least one second network operational
parameter. The fault type may be a number of types. For
example, the fault type may be a line-to-ground fault and a
line-to-line fault. Other examples are possible. In other
aspects, the comparing is used to determine if a fault has
occurred. Also, a determination may be made as to whether
the fault is upstream or downstream of the measuring device.

Referring now to FIG. 2, one example of an approach for
determining a distance to a fault is described. At step 202, an
electrical waveform is received from an electrical power line
(e.g., a line in a three-phase electrical system).

At step 204, a plurality of nominal electrical parameters are
determined for the electrical power network and the plurality
of' nominal electrical parameters are associated with a state of
the electrical power network in the absence of at least one
transitory electrical fault in the network.

At step 206, a plurality of electrical parameters of the
electrical waveform are sampled when the at least one tran-
sitory electrical fault exists in the network.

At step 208, a plurality of inductances are determined
based at least in part upon a comparison of the nominal
electrical parameters and the plurality of sampled electrical
parameters. The plurality of inductances are representative of
inductances present in the network when at least one transi-
tory electrical fault exists in the network. At step 210, the
plurality of inductances are analyzed to determine a distance
to the at least one electrical fault.

Referring now to FIG. 3, one example of an apparatus
configured to determine the distance to an electrical fault is
described. The apparatus 302, which can be separated from or
integrated with the monitoring device includes an interface
304 and a processor 306.

The interface 304 includes an input 308 and an output 310
and is configured to receive an electrical waveform 312 from
an electrical power line at the input 308.

The processor 306 is coupled to the interface 304. The
processor 306 is configured to determine a plurality of nomi-
nal electrical parameters for the electrical power network and
the nominal electrical parameters associated with a state of
the electrical power network in the absence of at least one
transitory electrical fault. The processor 306 is also config-
ured to subsequently sample a plurality of electrical param-
eters of the electrical waveform 312 at the input 308 when the
at least one transitory electrical fault exists in the network.
The processor 306 is further configured to determine a plu-
rality of inductances based at least in part upon a comparison
of the nominal electrical parameters and the plurality of
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sampled electrical parameters. The plurality of inductances
are representative of inductances present in the network when
the atleast one transitory electrical fault exists in the network.
The processor 306 is configured to analyze the plurality of
inductances to determine a distance 314 to the at least one
transitory electrical fault and present the distance 314 at the
output 310.

The plurality of sampled electrical parameters may be a
wide variety of parameters such as electrical voltages and
electrical currents. The processor 306 may also be configured
to determine a fault type based at least in part upon the
plurality of sampled electrical parameters. The faulttype may
be a line-to-ground fault and a line-to-line fault to mention
two examples. In other aspects, the comparison of the plural-
ity of sampled electrical parameters to the plurality of nomi-
nal electrical parameters made by the processor 306 is used to
determine if a fault has occurred. In other examples, the
distance to the at least one transitory fault is determined by the
processor 306 multiplying at least some of the fault induc-
tances by aknown inductance characteristic of the power line.

Referring to the remaining drawings (FIGS. 5-31) of this
application, it will be appreciated that various inductances,
power sources, and other electrical elements are shown.
These are described with respect to FIG. 4 and generally
speaking they will not be described again with respect to the
remaining figures.

Referring now to FIG. 4, atypical substation is served from
one or more transformers, and one or more capacitor banks
401 are connected to the substation bus. From the bus, mul-
tiple circuits operate to serve loads (e.g., consumer loads,
homes, appliances, businesses, and so forth). Considering a
substation which is serving only a circuit, the substation and
the circuit can be equivalent to, in a lumped parameter
approach, three-phase sinusoidal sources 402, 404, and 406,
three-phase source inductors 408, 410, and 412, and three line
inductors 414, 416, and 418, ignoring all resistive compo-
nents.

Referring to such equivalent three-phase system in FI1G. 4
where a phase A to ground fault occurs at location X, deriva-
tion of fault distance formula for each of the entire classes of
faults is now described. ES is a phase voltage source and LS
is a phase source inductance both drawn from the substation
transformer and C, with the other two, indicates the capacitor
bank. LF is a phase inductance of the cable (or overhead line)
from substation to the imaginary fault point (X) of the three-
phase circuit and LR is the phase inductance of the circuit
from the fault point to the end of the circuit.

All resistive components of the circuit, transformer, and
load are ignored in the present analysis and distance calcula-
tion. The switch S indicates that the Y-connected capacitors
are operating either grounded at the node or ungrounded.
When C is removed from FIG. 4, then it becomes the third
connection type of no-capacitor case.

Referring to FIG. 4 again, a three-phase current trans-
former (CT) 420 and a three-phase voltage transformer (PT)
422 are used as the probes for three-phase currents and volt-
ages. Data event recording at substation is done by using the
probes with recording and tele-metering or remote access
medium. One CT and a PT in the figure at phase C collectively
indicate that the other two phases are also probed by such CT
and VT for their voltages and currents. The substation mea-
surement using the recording device is conducted by tapping
the bus. Therefore, the measured voltage is the bus voltage
and the measured current is the current from the main source,
which may indicate the combined current to multiple circuits
connected to the bus. For a substation with one three-phase
circuit, the measured current at the substation is the sum of the
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current through the capacitor and that of the current through
the circuit, the latter two are usually unknown and immeasur-
able. As stated above, the fault distance formula derivation to
the point X (which is the inductance LF) accomplishes the
task by using only the substation or a suitable location mea-
sured) measured voltages and currents.

Now referring to phase A of the circuit of FIG. 4 and its
fault to ground (“AE fault”) at the location X, the formula for
fault distance LF is described with respect to three different
capacitor connection types. When the AE fault occurs at time
t=tF at the location X with zero fault resistance, the voltage at
X at time tF, Vax(tF), becomes zero. The voltage zero at X can
be represented alternatively as an injection of the negative
polarity of the would-be normal voltage at tF, -Vax(tF), at
location X to the system. Moreover, since only the change of
voltage and current due to the fault is utilized by many of the
approaches described herein (rather than the total voltage by
both the injected voltage and the source voltage), by applying
the superposition principle, for the point of view of net volt-
age, there is only the injected voltage in the circuit as the sole
source after deactivating the sinusoidal source voltages from
the circuit. For the grounded capacitor case, this superposi-
tion approach of voltage injection for net voltage and current
analysis converts the circuit of FIG. 4 to that of FIG. 5A.

Rearranging the circuit of FIG. 5A, after eliminating the
two branches of phases B and C due to the fact that they are
equivalently shorted to the ground, leads to a much simplified
circuit of FIG. 5B, which has only phase A components of
source inductance (I.S) and a capacitor C along with the line
inductance (LF) to the fault location X (LF).

Referring to FIG. 5B, VaF and IaF are the net phase A fault
voltage and current, respectively, at the substation bus con-
tributed only by the injected voltage source. The injected
voltage at X is the same as the normal voltage at the bus at
time tF since there is no current flowing through LF in the
normal (no-fault) situation. In other words, Vax(tF)=VaN(tF).
The net fault voltage and current, VaF and IaF, are indirectly
available from the substation recoding device by subtracting
the nominal values from the values during fault. With the
injected voltage as the sole source, the circuit of FIG. 5B is the
subject of a simple transient response problem when a DC
voltage is switched to the circuit at time tF, which can be
solved by using time domain differential equation approaches
or frequency domain (or s-domain) approaches as known to
those skilled in the art.

The approaches described herein for the determination of
transitory and sub-cycle fault location utilize time domain
differential equations that provide simpler implementation
using sample data values. However, s-domain analysis can be
equally applicable following the same equivalent steps
described herein. Taking the time domain differential equa-
tion approach, the source inductance formula is determined,
from the relationship that VaF=-LS*dIaF (where dlaF is the
first derivative of laF), as L.S=-VaF/dIaF. This equation for
source inductance is established only during a fault and can be
used as a discriminator for the presence and absence of fault
event. Under normal (non-fault) conditions, LS is indetermi-
nate or zero due to no net fault voltage and current under the
situation. Referring to FIGS. 5A and 5B again, the fault
distance equation for LF is: LF=[VaF+VaN(F)]/[dlaF-
C*ddVaF], where ddVaF is the second derivative of VaF. This
fault distance equation for a phase A to ground fault can be
applied to other phase line to ground faults by simply using
the variables of the faulted phases. Therefore, for phase B
faults, the LF equation becomes [VbF+VbN(tF)]/[dIbF-
C*ddVbF]. And, for phase C to ground faults, the equation is
changed to [VcF+VeN(F)|/[dIlcF-C*ddVcF].
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When the switch S of FIG. 4 is disconnected, the Y-con-
nected capacitors are now ungrounded, and the circuit for the
phase A to the ground fault condition is reduced to the circuit
of FIG. 6. As can be seen, at the node A of the combined
branches, since the combined net fault current from B and C
flows into the node A, the current through LF is the sum ofthe
three net fault current components (IaF+IbF+IcF) that, in
turn, can be expressed as the net fault residual current, IrF,
which is by definition the sum of 3 phase net fault currents.
Then, the fault distance LF formula for a phase A fault in
ungrounded capacitor bank is LF=[VaF+VaN(tF)]/dIrF,
where dIrF is the first derivative of IrF. The formulas for
phases B and C can be similarly derived.

When the capacitor C component is ignored from the for-
mulas in the grounded and ungrounded capacitor bank cases,
the only change brought in to the formula for a situation
where there is no capacitor bank is in the denominator: for
phase A to ground fault, the denominator is simply dlaF.
Therefore, the fault distance LF for a phase A to ground fault
when there is no capacitor bank is LF=[VaF+VaN(tF)]/dIaF.
LF for another phase can be computed using the same formula
but using values for the selected phase rather than those for
phase A.

The case of a line-to-line fault without ground involvement
is illustrated in FIG. 7 with similar elements used as were
used with respect to FIG. 4. To take one example, the line-to-
line fault distance determined in FIG. 7 is for a phase A and B
fault (“AB fault”). Fault distance formulas for other line-to-
line faults, BC and CA {faults, can be similarly derived in the
same manner as that for AB fault. With the capacitor node
grounded, the circuit under fault at location X is now simpli-
fied to a circuit of FIG. 8 with injection voltage, the voltage
between A and B at normal situation at the fault inception
time, Vabx(tF), and inductors and capacitors of phases A and
B only. As explained herein with regard to the phase A to
ground fault formula derivation, the injection voltage Vabx
(tF) is the same as the normal line-to-line voltage at the bus at
time tF: VabN(tF)=Vabx(tF), where VabN=VaN-VbN.

Now again referring to the circuit of FIG. 8, the two current
equations at two nodes A and B can be determined to be used
later for LF equation: IalF=laF-C*dVaF (at node A) and
IbIF=IbF-C*dVDbF (at node B). The voltage equation around
the main loop, not including the capacitors, leads to the fol-
lowing equation for LF: LF*[dlalF-dIblF]|=[VaF-VbF]-
VabN(tF), where dlalF and dIblF are the first derivatives of
IalF and IblF, respectively. Applying the relationships that
VaF-VbF=VabF and IblF=-IalF, the equation for LF can be
determined as: LF=[VabF-VabN(tF)][2*(dlaF-C*ddVaF)].
Alternatively, further reducing the circuit of FIG. 8 to a single
loop circuit with combined LF’s and LS’s, an alternative
equation could be determined to be in a slightly different, but
similar  format of  LF=[VabF-VabN(tF)]/[(dlabF-
C*ddVabF)], where labF=IaF-IbF.

The circuit for AB fault with ungrounded Y-connected
capacitor bank can be simplified to the circuit shown in FIG.
9A. Referring to FIG. 9A, the two Y-connected components,
the source inductors at node n and the capacitors at node n',
can be converted to two Delta components and further to a
parallel component of one inductor of 2*LS and one capacitor
of C/2. The simplified circuit is illustrated in FIG. 9B, which
can be further simplified to the circuit of FIG. 9C by combin-
ing the two LF’s of the circuit.

Referring to FI1G. 9C, by combining the current equation at
node A, TalF=IabF/2-[C*dVabF]/2, and the voltage equation
in the main loop, VabF+2*[ F*dlalF+VabN(tF)=0, the fault
distance LF formula for AB fault under ungrounded capacitor
condition can be determined as LF=[VabF-VabN(tF)]/[(dI-

10

15

20

25

30

35

40

45

50

55

60

65

12

abF-C*ddVabF)], which is the same as that under grounded
capacitor bank. Ignoring the term with capacitor C, the AB
fault formula for no capacitor bank case is determined as
LF=[VabF-VabN(tF)]/dIabF.

The cases for a three line fault (“ABC fault”) are similar to
the AB fault formula in the fault distance calculation. This can
be proved by the similar analysis described for AB fault case
above. The LF formula for distance to fault for ABC fault is
identical to that of AB (or any line-to-line) fault for each of the
three capacitor connection cases.

The phase AB to ground fault, “ABE fault” as a typical but
equally applicable to other line-to-line-to-ground faults, in a
3-phase circuit system is diagrammed in FIG. 10. The circuit
diagram of FIG. 10 can be reduced to that of FIG. 11 with the
two injection voltages for phase A and B with the same
magnitude since the X points are conjoined at the same point
in both lines. The two independent voltage equations around
the main loop and the inner loop, respectively, generate two
equivalent fault distance formulas for LF, each identical to
that of phase A (or B) to ground fault. Specifically, the equiva-
lent two voltage equations for LF are determined to be: LF=
[VaF+VaN(tF)]/[dlaF-C*ddVaF]=[ VbF+VbN(tF)]/[dIbF-
C*ddVbF]. A further simplification of the circuit diagram
produced a different form of LF equation, but it would be just
a variation of the formula described here. Therefore, other
alternative formulas in various forms with different terms can
be possible but are the same as those explicitly described
herein.

For the ungrounded capacitor case, the ABE fault circuit
can be diagrammed to a circuit in FIG. 12, and two voltage
equations can be derived in the two major loops: one includ-
ing only phase A inductors and ground and the other, only
phase B inductors and the ground. Also, again referring to
FIG. 12, at node n, a relationship that the sum of two line
current are the same as the sum of three phase currents flow-
ing in the source inductances can be described as IalF+
IblF=IaF+IbF+IcF=IrF. Combining the two voltage equa-
tions and the current relationship lead to the following
formula for fault distance LF: LF=[VaF+VaN(F)+VbF+VbN
(tF)]/dIrF. This LF equation can be expressed by two familiar
terms, which are identical to the formula of phase A (and B)
to ground fault: LF=[VaF+VaN(F)]/dlrF+[VbF+VbN(tF)]/
dIrF=LF(AE fault formula)+LF(BE fault formula). Again, a
further simplification of the circuit diagram or expression
such as, applying VaN(tF)=VbN(tF) condition for they have
the same voltage at the fault inception time, would produce a
different form of LF than the one described here, but it is just
a variation of the formula. Hence, as already noted other
formulas of various forms with different terms are possible
and would be similar to those explicitly described herein.

Ignoring the term with capacitor C, the ABE fault formula
for no capacitor bank case is determined as [L.F=[VaF+VaN
(tF)]/dIaF=[VbF+VbN(F)])/dIbF which is identical to the LF
formula for AE or BE fault.

By applying the same analysis and circuit simplification
approach applied in the ABE fault example, the fault distance
formula for three line to ground fault (“ABCE fault”) are as
follows. For grounded capacitor case, the fault distance is the
same as that of any single phase to ground fault: LF=[VaF+
VaN(tF)]/[dlaF-C*ddVaF]=[VbF+VbN(tF)]/[dIbF-
C*ddVbF]. For ungrounded capacitor case, the fault distance
is the sum of three LF’s for AE, BE, and CE faults: LF=[VaF+
VaN(tF)[/dIrF+[ VbF+VON(F)/dIrF+[VcF+VeN(tF) )/dIrE.
On the other hand, the formula for no capacitor case is easily
derived from the grounded case with C eliminated: LF=[VaF+
VaN(tF)]/dIaF=[ VbF+VbN(tF))/dIbF=[ VcF+VeN(tF)]/
dIcF.






