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APPARATUS AND METHOD FOR
ADAPTIVE FAULT DETECTION IN MV DISTRIBUTION CIRCUITS

BACKGROUND OF THE INVENTION

[0002] This invention relates to fault detection in electrical power distribution
systems. It finds particular application to the detection and notification of subtle
feeder faults in overhead and underground feeders that are not ordinarily detected
by conventional feeder protection intelligent electronic device (IEDs).

[0003] Underground and overhead feeders and cables are a key component in the
transmission and distribution of electrical power. Unfortunately, however, overhead
feeders and cables can be prohe to short circuits or otherwise abnormally low
impedance connections between two or more phases or between one or more
phases and ground. These and other feeder faults including cable faults can be
caused by a number of factors, including human error (e.g., accidentally cutting or
striking a cable), climatologic conditions (e.g., precipitation, seismic activity, or
lightning strikes), animal activity, and failure or degradation of the cable or its
associated equipment due to the aging of the insulation. Moreover, feeder faults
including cable faults can lead to power outages, which are inconvenient for the
affected customers and which can be expensive for the electric utility involved.
[0004] One category of feeder faults is that of self-clearing faults. While seli-
clearing faults can have any number of root causes, they typically have a temporal
duration which is insufficient to trip the relevant protective device. In practice, the
duration of most self-clearing faults is typically less than about one (1) to two (2)

cycles of the power system frequency, and in many cases less than one (1) cycle.
[0005] One mechanism which can generate self-clearing cable faults is a
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temporary breakdown In the insulation between cable phases or between a cable
phase and ground. Such faults are often caused or exacerbated by moisture at a
cable splice or joint, and are typically characterized by an elevated or fault current
having a duration of about one-quarter to one-half cycle (i.e., roughly four (4) to eight
(8) milliseconds (ms) in a sixty Hertz (60 Hz) system). The onset of the fault current
usually occurs at or near a voltage peak where the electric field stress is the highest.
As the situation deteriorates, the frequency and severity of these faults tend to
worsen with time, culminating in an eventual cable failure and a resultant power
outage.

[0006] Detection apparatus has been developed to identify self-clearing faults. For
example, see (i.) Kojovic, et al., Sub-Cycle Overcurrent Protection for Self-Clearing
Faults Due to Insulation Breakdown (1999); and (ii.) U.S. Pat. No. 6,198,401 to
Newton, et al., Detection of Sub-Cycle, Self-Clearing Faults, issued Mar. 6, 2001. In
prior art fault detection devices such as those identified above, a transient fault Is
automatically determined to be a self-clearing fault of the type associated with cable
degradation. However, the inventors have determined that such transient faults are
not necessarily self-clearing faults attributable to cable degradation. In some
Instances, such transient faults may be attributable to arc propagation from another
cable or from environmental or other factors that affect more than one cable.

[0007] Furthermore, in conventional devices, the user has to set the program
settings manually and appropriately for the algorithm to work properly. Setting the
parameters requires a-priori knowledge of the system parameters, load currents, as
well as fault current levels. The issue may be resolved when the settings are entered
for the first time but fault currents and circuit loadings are subject to change on a
frequent basis due to manual or automated switching and reconfiguration of the
circuits. When the circuit is reconfigured, the algorithm settings need to change
accordingly to reflect the latest status of the circuit. Changing the parameters on-the-
fly and automatically has not been a common practice to date. By making use of
adaptive settings, the algorithm adapts dynamically to the changing environment and
prepares itself for correct operation without user intervention.

[0008] Finally, conventional fault detection functions typically reside at the level of
the protective relay with fixed implementation. One consequence of this relay-centric

architecture is that the apparatus is relatively poorly integrated with the substation

Page 2 of 20



CA 02736459 2014-01-08

automation (SA), distribution automation (DA), feeder automation (FA), or other
automation system. Moreover, the apparatus requires the use of a specialized
hardware platform which must be closely coupled to the protective relay.
Furthermore, the detection techniques have been relatively unsophisticated and
make use of instantaneous fault currents. Although this minimizes the detection
delay, without proper filtering, the techniques may be prone to noise and outliers
resulting in nuisance false alarms.

[0009] The present invention is directed toward methods and apparatus that
address the foregoing deficiencies of prior art fault detection methods and

apparatus.

SUMMARY OF THE INVENTION

[0010] In accordance with the present invention, a computer-implemented method
IS provided for detecting and analyzing faults in a three phase feeder system having
a first cable and one or more other cables. In accordance with the method, current
magnitude in the first cable is determined. The current magnitude is compared to a
threshold level. If the current magnitude exceeds the threshold fevel, a measure is
made of how long the current magnitude stays above the threshold level. If the
current magnitude stays above the threshold level for a duration that falls within a
predetermined duration range, a timer is started. After the timer measures a
predetermined time interval, a determination is made whether a fault is detected in
the one or more other cables. If a fault is not detected in the one or more other
cables, then a determination is made that a single phase fault has occurred in the
feeder system.

[0011] Also provided in accordance with the present invention is a protective

device operable to perform the foregoing method.
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According to another aspect of the present invention, there is provided a
method of detecting and analyzing faults in a three phase feeder system having a
first cable and one or more other cables, the method being performed by at least
one computer and comprising:

receiving a mode selection from a user through a user interface;

determining current magnitude in the first cable;

comparing the current magnitude to a threshold level,

when the current magnitude exceeds the threshold level, starting a
counter of the at least one computer;

when the current magnitude falls below the threshold level, stopping the
counter and determining from the counter how long the current magnitude stayed
above the threshold level:

when the current magnitude is determined to have stayed above the
threshold level for a duration that falis within a predetermined duration range
having lower and upper levels, starting a timer;

after the timer measures a predetermined time interval, determining
whether a fault is detected in the one or more other cables during the
predetermined time interval; and

when a fault is not detected in the one or more other cables, determining
that a single phase fault has occurred in the feeder system; '

wherein when the mode selection is an adaptive mode, the threshold
level is the greater of a fixed minimum value and an adaptive value calculated
from prior current magnitudes, and

wherein when the mode selection is a fixed mode, the threshold level is a
preset value received from the user through the user interface.

According to another aspect of the present invention, there is provided a
protective device for monitoring power conveyed by a first cable and one or more
other cables, the protective device comprising a processor and memory storing a
fault detection program, which when executed by the processor, performs a
method of detecting and analyzing faults in a three phase feeder system having a

first cable and one or more other cables, the method comprising:
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receiving a mode selection from a user through a user interface;

determining current magnitude in the first cable;

comparing the current magnitude to a threshold level; when the current
magnitude exceeds the threshold level, starting a counter;

when the current magnitude falls below the threshold level, stopping the
counter and determining from the counter how long the current magnitude stayed

above the threshold level,
when the current magnitude is determined to have stayed above the

threshold level for a duration that falls within a predetermined duration range

having lower and upper levels, starting a timer;
after the timer measures a predetermined time interval, determining

whether a fault is detected in the one or more other cables during the

predetermined time interval; and
when a fault is not detected in the one or more other cables, determining

that a single phase fault has occurred in the feeder system;
wherein when the mode selection is an adaptive mode, the threshold

level is the greater of a fixed minimum value and an adaptive value calculated

from prior current magnitudes; and
wherein when the mode selection is a fixed mode, the threshold level is a

preset value received from the user through the user interface.

BRIEF DESCRIPTION OF THE DRAWINGS
[0012] The features, aspects, and advantages of the present invention will become
better understood with regard to the following description, appended claims, and

accompanying drawings where:
[0013] Fig. 1 shows a schematic of an electrical power distribution system

along with control and monitoring systems;
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[0014] Fig. 2 shows a schematic of a substation Intelligence system
connected to a protection system;

[0015] Fig. 3 shows a schematic of a fault detection program that is stored
and executed In a protective relay of the protective system;

[0016] Fig. 4 shows a first portion of a flow chart of the operation of the fault
detection program;

[0017] Fig. 5 shows a second portion of the flow chart;

[0018] Fig. 6 shows a plot of absolute values of instantaneous peak currents
for incipient faults in a monitored period;

[0019] Fig. 7 shows a plot of rms load currents for incipient faults in the
monitored period; and

[0020] Fig. 8 shows a plot of absolute values of instantaneous peak fault
currents normalized with respect to the rms load current for incipient faults in the

monitored period.

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS

[0021] It should be noted that in the detailed description that follows, identical
components have the same reference numerals, regardless of whether they are
shown In different embodiments of the present invention. It should also be noted
that in order to clearly and concisely disclose the present invention, the drawings
may not necessarily be to scale and certain features of the invention may be shown
In somewhat schematic form.

[0022] Referring now to FIG. 1, there is shown a power distribution system 10 that
includes a substation 12 and one or more feeders 14 that convey power from the
substation to customer premises. The substation 12 includes power transformers,
high-voltage and low-voltage switchgear, circuit breakers, substation intelligent
electronic devices (IEDs), a protection system 24, an intelligence system 16, and a
communication interface 18. The feeders 14 include field devices, such as
overhead/underground cables, distribution transformers, capacitors, reclosers, load-
break switches, field |IEDs, and other equipment and assets as are typically
encountered in a power distribution system. In the present example shown in Fig. 1,
the feeders 14 comprise cables 20, including primary and lateral cables, fuses 21

and device controllers 22 such as switch/recloser controllers.
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[0023] The feeders 14 are operatively connected to the intelligence system 16.
Depending on the architecture of a given system, the intelligence system16 may
function as one or more of a substation automation system, a feeder automation
system, or a distribution automation system.

[0024] A supervisory control and data acquisition (SCADA) system 42 connects to
the communications network 36 via suitable communications interface(s) 43. The
SCADA system 42 is typically located remotely from the substation 12 and provides
supervisory control functions for a plurality of substations and/or other components
of the power distribution system.

[0025] The Intelligence system 16 may also be connected to one or more
enterprise computer systems 44, such as data warehouses, data marts, planning
systems, geographic information systems (GIS), or centralized maintenance
management systems (CMMS), which are Ilikewise connected 1o the
communications network 36 through communication interface(s) 46.

[0026] As noted above, the cables 20 include one or more feeder cables. Feeder
cables are used to provide an electrical connection between the output of a
substation and the input of downstream primary circuits. Feeder cables which leave
the substation 12 are sometimes termed substation exit cables. Depending on siting
and other considerations, some or all of the cable 20 may be installed underground,
and, thus are underground cables.

[0027] The protection system 24 typically include one or more protective relays
and associated circuit breakers or reclosers. The protective relays are
advantageously implemented as IED-based devices which, among other functions,
monitor the voltage, current, and other relevant parameters of their associated
cables 20, for example to detect various fault conditions, such as those caused by
current, voltage, and/or frequency disturbances and which may or may not be
caused by a feeder fault including a cable fault.

[0028] As shown in FIG. 2, the intelligence system 16 includes a database 26 and
an intelligence program 28 running on one or more computers 30, and a human
machine Iinterface (HMIl) 34. The communication interface 18 connects the
intelligence system 16 to a communications network 36 that may include a local area
network (LAN), the iInternet, or other communication network. The intelligence

system 16 may communicate with device controllers 22 over the communications
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network 36 using the DNP3 protocol, PPP protocol, the MODBUS protocol, or the
TCP/IP protocol.

[0029] With particular reference to Fig. 2, there is shown a protection system 24a
that comprises a protective relay 48 and an associated control device 49, such as a
recloser or a circuit breaker. The protection system 24a is located in the substation
as shown in Fig. 1. Alternately, the protection system 24a may be located remotely
(e.g. more than about a quarter mile) from the intelligence system 16. The protective
relay 48 is an |IED and includes a microprocessor or central processing unit (CPU)
50, memory 52, and a human machine interface (HMI) 54, which may include a
display screen and a user input device, such as a key pad. The protective relay 48 Is
connected to current transformers 56a,b,c and voltage transformers 58a,b,c that
measure currents and voltages, respectively, in three cables 20a,b,c carrying three
phases of power, respectively. The protective relay 48 is connected and provides
control signals to the control device 49. The protective relay 48 is also connected to
the Intelligence system 16 through the communications network 36 and the
communication interface 18. The protective relay 48 has a plurality of
instantaneous, definite-time delay, and inverse-time delay overcurrent elements
(phase, neutral, ground/sensitive ground and negative sequence).

[0030] An anomaly detection and data capture (ADDC) program 60 is stored in
memory 52 and is executed by the CPU 50. The ADDC program 60 receives user
input through the HMI 54. The ADDC program 60 monitors the currents and
voltages In the cables 20 measured by the current transformers 56 and the voltage
transformers 58, respectively. The ADDC program 60 also monitors the operation of
the control device 49 and may monitor information received by the protective relay
48 from other field devices, including other current and voltage transformers and
other protective relays. The ADDC program 60 is operable to detect faults or
anomalies based on user selectable criteria that may be input into the ADDC
program 60 through the HMI 54. In one embodiment of the present invention, the
ADDC program 60 is operable to detect three different types of anomalies:
overcurrent bursts, voltage deviations, and overcurrent element trips.

[0031] The ADDC program 60 detects overcurrent “bursts” that last less than a
programmable time threshold setting (in milliseconds or cycles). For example, a user

may set the threshold to be about one cycle (about 16 milliseconds). The ADDC
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program 60 may detect an overcurrent burst using a selected overcurrent protection
element pickup of the protective relay 48, which itself has programmable settings. A
user may select a particular overcurrent protection element through the HMI 54. For
example, the ADDC program 60 may select an instantaneous ground time
overcurrent protection element of the protective relay 48 for use in detecting an
overcurrent burst. When such an overcurrent protection element is used, the
threshold Is set to a programmable percentage (e.g. 50%) of the selected
overcurrent protection element pickup setting.

[0032] The ADDC program 60 detects voltage deviations greater than a
programmable percentage threshold (e.g., 10%) of the nominal voltage setting that
lasts longer than a programmable time threshold setting (in cycles). The percentage
threshold and the time threshold may be set by a user through the HMI 54.

[0033] The ADDC program 60 detects any trip of any of one or more of the
overcurrent protection elements.

[0034] Upon detecting an anomaly, such as an overcurrent burst, the ADDC
program 60 captures digital fault record (DFR) data such as voltage, current, and
other oscillographic data for a programmable collection period of time and sets a
DFR flag indicating the occurrence of an anomaly. Typically, the ADDC program 60
takes voltage and/or current samples at a rate of 32 or more samples per cycle
(about 16 milliseconds). The DFR data is formatted for transmission in the known
common format for transient data exchange (COMTRADE) or other suitable file
format and Is then transmitted to the Iintelligence system 16 over the
communications network 36. Depending on the nature and severity of the anomaly,
the protective relay 48 may also trip the associated control device 49. The collection
period during which DFR data is collected is set by a user through the HMI 54. The
collection period may, by way of example, be greater than one cycle. For example,
the collection period may be five, ten or fifteen cycles, or some other period.

[0035] A fault detection program 64 operates serially or in parallel with the ADDC
program 60, depending on where the fault detection program 64 is installed and
operates. In this regard, the fault detection program 64 may be stored in memory 52
and executed by the CPU 50 of the protective relay 48 or the fault detection program
64 may be stored in computer memory and executed by one or more of the

computers 30 in the intelligence system 16. In the former case, the fault detection
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program 64 runs in parallel with the ADDC program 60 in real-time. In the latter
case, the fault detection program 64 runs serially with the ADDC program 60 and
operates on the DFR data transmitted by the ADDC program 60 to the intelligence
system 16. The fault detection program 64 receives user input through the HMI 54
or the HMI 34, depending on where the fault detection program 64 is located.

[0036] Still another possibility is that the fault detection program 64 is stored in and
executed by an |ED that is separate from, but in communication with, the protective
relay 48. Such an |IED may be located in the substation 12 or may be located
remotely from the substation 12. Such an IED may also be in communication with
Intelligence system 16 or Protection system 24.

[0037] Generally, the fault detection program 64 includes an analysis module 66
and a decision module 68, as shown in Fig. 3.

[0038] The analysis module 66 includes three discrete Fourier transform (DFT)
modules 70a,b,c, one for each phase of the power carried by the cables 20a,b,c.
Each DFT module 70 receives current samples measured by the current transformer
56 associated with the DFT module 70. If the fault detection program 64 is located in
the intelligence system 16, the current samples are obtained from the DFR data.
Every fourth sample, the DFT module 70 has an interrupt wherein the preceding
three samples and the fourth sample are stored in a ring buffer having a capacity to
store the most recent sixteen current samples. At every interrupt, the DFT module
/0 calculates a half cycle DFT using the last four current samples plus the preceding
twelve current samples stored in the ring buffer. A half cycle is about 8 ms for 60 Hz
power. The DFT module 70 has two outputs, estimateReal and estimatelmag,
corresponding to the real and imaginary parts of the DFT, respectively.

[0039] Each DFT module 70 is connected to a magnitude module 72 that receives
the outputs of the DFT module 70 and uses them to calculate the magnitude of the
current at the fundamental frequency of the power (e.g., 60Hz), which shall
hereinafter be referred to as the DFT magnitude. The DFT magnitude is stored in an
array buffer and transmitted to a sub-module 74, which monitors the DFT
magnitude.

[0040] Each sub-module 74 has an event counter and a fault counter. At each
interrupt, iIf the DFT magnitude exceeds a maximum current level, the event counter

IS Incremented by one. The event counter continues to be incremented until the
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current magnitude falls below the maximum current level, at which time the counter
IS reset. When the current magnitude does fall below the predetermined current
level, the sub-module 74 determines whether a fault has occurred. If the counter
number falls within a range determined by a lower level and an upper level, then the
sub-module 74 determines that a fault has occurred. In one embodiment, the lower
level is two (a quarter cycle) and the upper level is forty (5 cycles). The lower level
and the upper level may be changed by a user through the HMI 34 or 54. If the sub-
module 74 determines that a fault has occurred, the sub-module 74 increments a
fault counter, which counts the number of times a fault has occurred. The values, sc-
a, sc-b and sc-c, of the fault counters in the sub-modules 74a,b,c, are output to the
decision module 68.

[0041] In each sub-module 74, the maximum current level that is used to
determine whether a fault has occurred, is determined based on whether the sub-
module 74 is operating in a fixed mode or an adaptive mode, the selection of which
may be made by a user through the HMI 34 or 54.

[0042] In the fixed mode, the maximum current level is set equal to a fixed or
preset threshold value that is input (selected) by a user through the HMI 34 or 54.
[0043] In the adaptive mode, the maximum current level is set equal to an
adaptive threshold, which is either a multiple of the average value of the DFT
magnitude (for the phase associated with the sub-module 74) over a predetermined
number of previous power cycles, or, if there is a boundary condition, a fixed
minimum value. A boundary condition may exist when the cables 20 just begin to
start carrying current, such as in the case of a load pickup or other current inrush
situation. The fixed minimum value is input by a user through the HMI 34 or 54 and
may correspond to, or be equal to, the absolute minimum loading of the feeder of
which the cables 20 are a part. The predetermined number of previous cycles used
to calculate the average DFT magnitude may be two, three, four, or five or more
previous cycles. In one embodiment of the invention, the predetermined number is
three. The multiple used to calculate the maximum current level from the average
DFT magnitude may be in a range from 1.5 to 3, more particularly from 1.5 to 2.5,
still more particularly two (times).

[0044] The decision module 68 receives the values sc-a, sc-b and sc-c of the

counters in the sub-modules 74a,b,c. If the decision module 68 detects a change In
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value In one of sc-a, sc-b and sc-c from the last interrupt, the decision module 68
determines that a fault has just occurred in the phase corresponding to the changed
value and raises an output SCFDDetect to be high (a boolean one). In addition, a
timer Is started. After the timer measures a predetermined time period (which may
about one cycle or 16ms), the decision module 68 determines whether faults in the
other two phases have occurred during that predetermined time period (as
determined by the relevant sub-modules 74). In other words, the decision module 68
determines whether there are changes in the values of the other two of sc-a, sc-b
and sc-c. If faults have occurred in one or both of the other two phases, the decision
module 68 determines that the fault is a multiphase-fault and not a single phase
fault. The decision module 68 then raises an output EventDetect-multiphase to be
high. If, however, faults have not occurred in either of the other two phases, then the
decision module 68 determines that the fault is a single phase fault. The decision
module 68 then raises an output DetectedFault-(a, b or c) for the cable 20 for the
phase in which the fault is detected. In addition, the decision module 68 increments
a fault counter for the phase (cable 20) that keeps a running count of the number of
times a single phase fault is detected in the phase (cable 20). The counts in the
counters are output as SC-a, SC-b, SC-c.

[0045] Referring now to Figs. 4 and 5, there is shown a flowchart of the fault
detection program 64. In step 100, the program 64 starts. In step 102, the tunable
parameters entered by a user through the HMI 34 or 54 (such as the whether the
sub-module 74 is operating in the fixed mode or the adaptive mode) are read into
the program 64. In step 104, ring buffer is filled with current sample values and their
DFT Is calculated for each phase. If, in step 105, it Is determined that the threshold
IS already determined (as fixed or calculated), the program 64 proceeds to step 114.
Otherwise, it proceeds to step 106, where a determination is made whether three
cycles of data are available. If three cycles of data are available, the program 64
proceeds to step 108, whereas If three cycles of data are not available, the program
64 goes back to step 104 to compute more DFT magnitude values to the ring buffer.
In step 108, a determination IS made as to which mode of operation has been
selected for the sub-module 74. If it is determined that the adaptive mode has been
selected, the program 64 proceeds to step 110, wherein the adaptive threshold is
calculated. In step 112, a determination is made whether the adaptive threshold is
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greater than the fixed minimum value, and if so, the program 64 proceeds to step
114. If the adaptive threshold is not greater than the fixed minimum value, then the
adapted threshold is adjusted in step 116 so as to have a value greater than or
equal to the fixed minimum value. From step 116, the program 64 proceeds to step
114. If, in step 108, it is determined that the fixed mode has been selected, the
program proceeds to step 120, wherein the value of the fixed threshold is read Into
the program 64. In step 114, a determination iIs made whether the half cycle DFT
magnitude exceeds the threshold (adapted or fixed). If the half cycle DFT does
exceed the threshold, then the time it does so (its duration) iIs measured in step 122.
If the half cycle DFT does not exceed the threshold, then the program 64 returns to
step 102. From step 122, the program 64 proceeds to step 124, wherein a
determination iIs made whether the duration criterion has been satisfied. If the
duration criterion has not been satisfied, the program 64 first proceeds to step 128,
wherein the non-fault pick-up event is reported, and then continues to return step
136. If the duration criterion has been satisfied, the program 64 proceeds to step
126 and a determination is made whether multiple phases are involved. If multiple
phases are not involved, then the event is determined to be a single phase fault and
IS reported as such in step 132. The program 64 then proceeds to step 134, wherein
the fault counter in the decision module 68 for the relevant phase (cable) is updated
(incremented by one). If, in step 126, it iIs determined that multiple phases are
iInvolved, then the event is determined to be a multiple-phase fault and is reported as
such in step 130. From step 130 or step 134, the program 64 proceeds to the return
step 136, which causes the program 64 to return to step 100.

[0046] If the program 64 is located in the protective relay 48, the outputs from the
decision module 68 (e.g., EventDetect-multiphase, DetectedFault-(a, b,c) and SC-a,
SC-b and SC-c) are transmitted to the intelligence system 16 at the substation 12
over the communication network 36. In the intelligence system 16, the received data
may time-stamped with the time and date of receipt and then may be stored in the
database 26.

[0047] If the program 64 is located in the intelligence system 16, the program 64
directly interfaces with, or forms a part of the intelligence program 28.

[0048] The outputs from the decision module 68 are analyzed by the intelligence

program 28 to determine the nature of the newly detected single phase fault. In this
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regard, it has been determined that a detected single phase fault can be attributable
to: a self-clearing fault in one of the cables 20a,b,c, a blown fuse 21 in the feeder 14,
or the operation of a fault-interrupting device such as a recloser by a device
controller 22 (IED) located remotely from the substation 12. If (within a
predetermined period of time from the detection of the single phase fault) the
intelligence program 28 receives notification over the communication network 36 that
a power outage has been reported by one or more customers or revenue meters but
has not received any notification that a remote device controller 22 has actuated a
recloser or switch, the intelligence program 28 will determine that the newly detected
single phase fault is attributable to a blown fuse 21. If (within a predetermined period
of time from the detection of the single phase fault) the intelligence program 28
receives notification over the communication network 36 that a remote device
controller 22 has actuated a fault-interrupting device such as a recloser, the
intelligence program 28 will determine that the newly detected single phase fault is
attributable to the operation of the remote device controller 22. If (within a
predetermined period of time from the detection of the single phase fault) the
intelligence program 28 does not receive any notification of a power outage or
operation of a remote device controller 22, the intelligence program 28 will determine
that the newly detected single phase fault is attributable to a self-clearing fault in one
of the cables 20a,b,c. The detection of a single phase fault by program 64, as well
as the subsequent analysis and required operator notification performed by the
intelligence program 28 occurs Iin real time or near real time, regardless whether the
program Is located in the protective relay 48, in the intelligence system 16, or In
another |ED.

[0049] If a single phase fault is determined to be a self-clearing fault, the
intelligence program 28 will determine whether the self-clearing fault causes an
alarm threshold to be exceeded. Such a determination may take into consideration
the frequency of self-clearing faults in the cable 20, current and historical weather
conditions recorded at the substation 12, and current and historical loading of the
cable 20. In this regard, the inventors installed a data collection system in a typical
distribution substation in order to capture and collect voltage and current
oscillographic data from an underground distribution feeder at the substation level.

The collected data was analyzed to determine characteristics of a class of incipient
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cable faults commonly referred to as self-clearing faults. These characteristics may
be used as symptoms to confirm the re-occurring nature of the fault and determine
the alarm thresholds used by the intelligence program 28 to notify operators and
maintenance personnel.

[0050] The data collection system was similar to that shown and described above.
Data was collected over a period of 10 months, during which time a total number of
141 incipient cable fault events were recorded before a catastrophic failure occurred
that blew a 65A fuse. Between the first incident and the catastrophic failure, there
were similar cases of incipient faults with current spikes varying between 1000A and
3000A in magnitude with both positive and negative polarity. None of these events
left a trace in the outage data nor led to any customer interruption.

[0051] Time domain and frequency domain analyses of the collected data were
performed. The time domain analysis included calculation of the instantaneous peak
fault current magnitude for each event, and calculation of rms load current by taking
the average of the rms current in the first two cycles of the event window. The
iInstantaneous peak fault current magnitude was then compared against the rms
load current, and a correlation between these two data values was also performed.
Another time domain value calculated was the duration of the incipient failure.

[0052] The frequency domain analysis was performed by applying the Fast Fourier
Transform (FFT) on the faulted current cycle. This provided a view of the harmonics
present in the faulted cycle in the event window of interest. The primary reason to
calculate the harmonics was to investigate the dominant harmonic among all the
harmonics, and also to compare between the magnitudes of even and odd
harmonics. The dominant harmonic may be used as a symptom parameter for
performing predictive maintenance.

[0053] Fig. 6 shows a plot of absolute values of instantaneous peak currents for
iIncipient faults in the monitored period. As shown, the absolute peak of the incipient
faults had a global maximum value of 2798A, a global minimum value of 1087A and
an average value of 1720A. There were 83 negative peaks and 63 positive peaks
with a global maximum value for the positive and negative peaks being almost the
same, 2798A for the positive and 2781A for the negative peaks. This indicates that
the polarity is not a significant determining factor for fault initiation.

[0054] The rms load current was calculated by taking the average values over the
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first two cycles. This rms value takes into account all the harmonics and Is the true
rms value of the load current. A plot of rms load currents for incipient faults in the
monitored period Is shown in Fig. 7. Looking at the plots in Figs. 6 and 7, it is
evident that the instantaneous peak fault current values are quite high, at least five
times the rms load current.

[0055] A cross correlation function was calculated between the instantaneous
peak fault current and the rms load current. This function was found to peak at the
index value of 146, which is equal to the number of events recorded (141 faults, five
of which were double spikes). This implies that the two data series are correlated
with a lag factor of zero. Therefore, a normalization of the instantaneous peak fault
current with respect to the rms load current was performed. A plot (shown in Fig. 8)
was made of the absolute values of the Iinstantaneous peak fault currents
normalized with respect to the rms load current for incipient faults in the data
collection period. This plot shows that there is a gradual increase in the normalized
peak current values. The normalized peak increases to almost 3 times its initial
value by the end of the monitoring period. This observation indicates that the cable
splice integrity was being degraded further with every instance of a reoccurring
incipient fault and arcing.

[0056] The odd (3, 5™, 7" and 9™) and even (0", 2™, 4™ 6" and 8™) current
harmonics were normalized with respect to the fundamental current over the faulted
cycle. From this normalization, it was evident that the second harmonic was almost
70% of the fundamental and the dominant harmonic. In addition, the even
harmonics were relatively higher as compared to the odd harmonics. One of the
major reasons for these observations iIs that the FFT was performed on the cycle
containing the fault current spike.

[0057] The dominant current harmonics (0", 2™ and 3") and the fundamental
component were normalized with respect to the rms load current of Fig. 7. These
current harmonics were dominant in the fault cycle as was observed earlier and
feature an increasing trend similar to the normalized peak current in Fig. 8. They
seem to be positively correlated with the failure and even though they are not unique
to these failures, they may be used as symptom parameters for predictive
maintenance.

[0058] In sum, the Iinventors observed that faults typically occur when voltage
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stress is at a peak; the instantaneous peak fault current can reach high values, such
as five times the rms load current; the duration of the fault is typically less than a half
cycle; cable splice integrity is degraded further with every instance of a reoccurring
incipient fault and arcing; the time between successive events or inter-arrival times
show idle periods of varying magnitudes and duration, thereby illustrating the
intermittent and on/off behavior of these types of faults; and the dominant current
harmonics were found to be 0", 2™ and 3" in the fault cycle, featuring an increasing
trend similar to that of the normalized peak current.

[0059] As stated above, the foregoing information may be used to determine the
alarm thresholds used by the intelligence program 28 to notify operators and
maintenance personnel. For example, an alarm may be generated for a fault
(occurring after one or more previous faults) if the absolute value of the
instantaneous peak fault current normalized with respect to the rms load current
exceeds two or two-and-a-half times its value at an initial one of the previous fault(s).
This alarm may indicate that a catastrophic cable fault is imminent and corrective
action needs to promptly be taken.

[0060] [t is to be understood that the description of the foregoing exemplary
embodiment(s) i1s (are) intended to be only iliustrative, rather than exhaustive, of the
present invention. The scope of the claims should not be limited by the preferred
embodiments set forth in the examples, but should be given the broadest
Interpretation consistent with the description as a whole. For example, various
different Fourier transform algorithms are contemplated for use in the analysis

module 66. According to one such alternative, the discrete Fourier transform may

be implemented using a suitable fast Fourier transform (FFT) algorithm.
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The embodiments of the invention in which an exclusive property or

privilege is claimed are defined as follows:

1. A method of detecting and analyzing faults in a three phase feeder system
having a first cable and one or more other cables, the method being performed
by at least one computer and comprising:

receiving a mode selection from a user through a user interface;

determining current magnitude in the first cable;

comparing the current magnitude to a threshold level:

when the current magnitude exceeds the threshold level, starting a

counter of the at least one computer;
when the current magnitude falls below the threshold level, stopping the

counter and determining from the counter how long the current magnitude stayed

above the threshold level;
when the current magnitude is determined to have stayed above the

threshold level for a duration that falls within a predetermined duration range

having lower and upper levels, starting a timer;
after the timer measures a predetermined time interval, determining

whether a fault is detected in the one or more other cables during the

predetermined time interval; and
when a fault is not detected in the one or more other cables, determining

that a single phase fault has occurred in the feeder system;
wherein when the mode selection is an adaptive mode, the threshold level

is the greater of a fixed minimum value and an adaptive value calculated from

prior current magnitudes, and
wherein when the mode selection is a fixed mode, the threshold level is a

preset value received from the user through the user interface.

2. The method of claim 1, wherein when a fault is detected in the one or

more other cables, determining that a multi-phase fault has occurred in the

cables.
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3. The method of claim 1 or 2, wherein the current magnitude is determined

at a nominal frequency of power.

4. The method of claim 3, wherein the current magnitude is determined by
performing a half-cycle Fourier transform of current measurements in a moving

window from the first cable.

D. The method of claim 4, further comprising receiving digital fault record
data from a remotely located protective relay, the digital fault record data

including the current measurements from the first cable.

6. The method of any one of claims 1 to 5, wherein the adaptive value is a
multiple of an average value of the prior current magnitudes over more than one

prior power frequency cycle.

/. The method of any one of claims 1 to 6, wherein the lower level of the
predetermined duration range is about a quarter cycle of a nominal frequency of
power and the upper level of the predetermined duration range is about five

cycles of the nominal frequency.

8. The method of claim 7, wherein the predetermined time interval is about

one cycle of the nominal frequency.

9. The method of any one of claims 1 to 8, wherein the step of determining
whether a fault is detected in the one or more other cables comprises for each
other cable:

determining current magnitude In the other cable;

comparing the current magnitude in the other cable to another threshold
level;

when the current magnitude in the other cable exceeds the another

threshold level, measuring how long the current magnitude stays above the

another threshold level: and
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when the current magnitude stays above the another threshold level for a
duration that falls within another predetermined duration range, determining that

a fault has occurred.

10. A protective device for monitoring power conveyed by a first cable and
one or more other cables, the protective device comprising a processor and
memory storing a fault detection program, which when executed by the
processor, performs a method of detecting and analyzing faults in a three phase
feeder system having a first cable and one or more other cables, the method
comprising:

receiving a mode selection from a user through a user interface;

determining current magnitude in the first cable;

comparing the current magnitude to a threshold level;

when the current magnitude exceeds the threshold level, starting a
counter;

when the current magnitude falls below the threshold level, stopping the
counter and determining from the counter how long the current magnitude stayed
above the threshold level; |

when the current magnitude is determined to have stayed above the
threshold level for a duration that falls within a predetermined duration range
having lower and upper levels, starting a timer;

after the timer measures a predetermined time interval, determining
whether a fault is detected in the one or more other cables during the

predetermined time interval; and

when a fault is not detected in the one or more other cables, determining

that a single phase fault has occurred in the feeder system;

wherein when the mode selection is an adaptive mode, the threshold level

is the greater of a fixed minimum value and an adaptive value calculated from

prior current magnitudes; and
wherein when the mode selection is a fixed mode, the threshold level i1s a

preset value received from the user through the user interface.
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11.  The protective device of claim 10, wherein the current magnitude is

determined by performing a Fourier transform of current measurements from the
first cable.

12.  The protective device of claim 10 or 11, wherein the protective device
comprises the user interface, and wherein the threshold level is a preset value

that is received from the user through a user interface.
13.  The protective device of any one of claims 10 to 12, wherein the lower

level of the predetermined duration range is about a quarter cycle of a nominal

frequency of power and the upper level of the predetermined duration range is

about five cycles of the nominal frequency.

14.  The protective device of claim 13, wherein the predetermined time interval

Is about one cycle of the nominal frequency.

15.  The protective device of claim 14, further comprising a protective relay.
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