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(57) Abstract: Detection of a fault in an ungrounded electric
power distribution system that includes a plurality of feeders
and buses is disclosed herein. Embodiments consistent with
the present disclosure may monitor an electrical parameter as-
sociated with each of a plurality of feeders and buses in the
ungrounded electric power distribution system. An incre-
mental change in the monitored electrical parameters may be
determined using the monitored electrical parameter. Further,
the incremental change may be associated with a first sub-set
of the plurality of feeders. Torque values for the feeders may
be calculated using a reference quantity from the bus first ex-
hibiting an incremental change above a threshold. A feeder
having the largest incremental change in the first sub-set of
the plurality of feeders may be identified. A fault may be
identified based on the torque and the incremental change.
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DETECTION OF FAULTS IN POWER DISTRIBUTION SYSTEM

TECHNICAL FIELD

[0001] This disclosure relates to detecting a fault in an ungrounded electric power delivery
system. More particularly, but not exclusively, this disclosure relates to techniques for

detecting a faulted feeder in a system including of a plurality of feeders supplied from multiple
sources in an ungrounded electric power system. Further, the systems and methods disclosed

herein may be used to detect faults on a busbar in an ungrounded electric power system.

BRIEF DESCRIPTION OF THE DRAWINGS

[0002] Non-limiting and non-exhaustive embodiments of the disclosure are described,
including various embodiments of the disclosure, with reference to the figures, in which:
[0003] Figure 1 illustrates a one-line diagram of a system including two sources and a
plurality of feeders that may be selectively coupled to either of the two sources consistent with
embodiments of the present disclosure.

[0004] Figure 2 illustrates a three-line diagram of a system including three feeders and that
illustrates current flows in the system resulting from a fault on one phase of one of the feeders
214-218 consistent with embodiments of the present disclosure.

[0005]  Figure 3 illustrates a functional block diagram of a system 300 for monitoring an
electrical power distribution system including a plurality of feeders (not shown) consistent with
embodiments of the present disclosure.

[0006] Figure 4 illustrates a block diagram of a system that may be implemented to
synchronize the operation of a plurality of A/D converters consistent with embodiment of the
present disclosure.

[0007]  Figure 5 illustrates a system that may be used to process an incoming data stream
of magnitude and angle calculations tagged with information regarding the source of the data
consistent with embodiments of the present disclosure.

[0008] Figure 6 illustrates a system that may determine whether a change in an incoming
data stream has occurred in a specific time interval consistent with embodiments of the

present disclosure.
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[0009] Figure 7 illustrates a system for identifying elements that experience an incremental
change and identifying elements that do not experience an incremental change consistent with
embodiments of the present disclosure.

[0010] Figure 8 illustrates a system that compares the present value of the data difference
against the average value of the data difference and determines if the data difference is
greater than a threshold value for longer than a specified threshold consistent with
embodiments of the present disclosure.

[0011]  Figure 9 illustrates a flow chart of one embodiment of a method for detecting a
faulted feeder in an electric power distribution system consistent with embodiments of the
present disclosure.

[0012]  Figure 10 illustrates a functional block diagram of a system for detecting faults in an
ungrounded electrical distribution system consistent with embodiments of the present

disclosure.

DETAILED DESCRIPTION

[0013] Inan ungrounded electric power distribution system, feeders (e.g., overhead power
lines and /or underground cables) may be switched from one busbar fed by one power source
to another busbar fed by another power source without an associated protective device or
electrically utility personnel knowing to which busbar a particular feeder is connected. When a
fault occurs on one of the feeders, the protective device may not be capable of identifying
which busbar it should utilize to obtain a polarizing voltage (3V0), which may also be referred
to as a residual voltage.

[0014] Various embodiments consistent with the present disclosure may associate the
busbar with the highest incremental change in its residual voltage (3V0) with each feeder
experiencing an incremental change in its residual current (310). Accordingly, only the feeders
that are connected to the same busbar as a faulted feeder will be polarized with the residual
voltage from the busbar associated with the faulted feeder. In this way, even if there is a large
standing residual current or voltage on the system, only the feeders that experienced an
incremental change in their residual current will be included in a faulted zone. The voltage
used to polarize the feeders in the faulted zone will be the voltage that experienced the

greatest incremental change in its residual voltage.
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[0015] The embodiments of the disclosure will be best understood by reference to the
drawings, wherein like parts are designated by like numerals throughout. It will be readily
understood that the components of the disclosed embodiments, as generally described and
illustrated in the figures herein, could be arranged and designed in a wide variety of different
configurations. Thus, the following detailed description of the embodiments of the systems
and methods of the disclosure is not intended to limit the scope of the disclosure, as claimed,
but is merely representative of possible embodiments of the disclosure. In addition, the steps
of a method do not necessarily need to be executed in any specific order, or even sequentially,
nor need the steps be executed only once, unless otherwise specified.

[0016] Insome cases, well-known features, structures or operations are not shown or
described in detail. Furthermore, the described features, structures, or operations may be
combined in any suitable manner in one or more embodiments. It will also be readily
understood that the components of the embodiments as generally described and illustrated in
the figures herein could be arranged and designed in a wide variety of different configurations.
[0017]  Several aspects of the embodiments described will be illustrated as software
modules or components. As used herein, a software module or component may include any
type of computer instruction or computer executable code located within a memory device
and/or transmitted as electronic signals over a system bus or wired or wireless network. A
software module or component may, for instance, comprise one or more physical or logical
blocks of computer instructions, which may be organized as a routine, program, object,
component, data structure, etc., that performs one or more tasks or implements particular
abstract data types.

[0018] Incertain embodiments, a particular software module or component may comprise
disparate instructions stored in different locations of a memory device, which together
implement the described functionality of the module. Indeed, a module or component may
comprise a single instruction or many instructions, and may be distributed over several
different code segments, among different programs, and across several memory devices.
Some embodiments may be practiced in a distributed computing environment where tasks are
performed by a remote processing device linked through a communications network. In a
distributed computing environment, software modules or components may be located in local

and/or remote memory storage devices. In addition, data being tied or rendered togetherin a
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database record may be resident in the same memory device, or across several memory
devices, and may be linked together in fields of a record in a database across a network.
[0019] Embodiments may be provided as a computer program product including a non-
transitory computer and/or machine-readable medium having stored thereon instructions that
may be used to program a computer (or other electronic device) to perform processes
described herein. For example, a non-transitory computer-readable medium may store
instructions that, when executed by a processor of a computer system, cause the processor to
perform certain methods disclosed herein. The non-transitory computer-readable medium
may include, but is not limited to, hard drives, floppy diskettes, optical disks, CD-ROMs, DVD-
ROMs, ROMs, RAMs, EPROMSs, EEPROMSs, magnetic or optical cards, solid-state memory
devices, or other types of media/machine-readable medium suitable for storing electronic
and/or processor executable instructions.

[0020] Figure 1 illustrates a one-line diagram of a system 100 including two sources (i.e.,
“source 1” and “source 2”) and a plurality of feeders (i.e., “FDR_01” — “FDR_06") that may be
selectively coupled to either of the two sources consistent with embodiments of the present
disclosure. System 100 includes two busbars 102 and 104 that are selectively connectable to
either source 1 or source 2 using switching assemblies 106, 108. Each of the six feeders,
labeled FDR_01 through FDR_06, in system 100 are also selectively connectable to busbars 102
and 104 using switching assemblies 110-120. According to some embodiments, the switching
assemblies 106-120 may be configured so that each source or feeder is connected to only one
busbar 102 and 104 at a time. According to other embodiments, the switching assemblies 106-
120 may be configured to allow a feeder or source to be connected to both busbars 102 and
104 at the same time.

[0021] Although not specifically illustrated, the sources, the busbars 102, 104, and the
feeders may be monitored by one or more Intelligent Electronic Devices (IEDs) and/or other
types of protective devices. As illustrated, IED 126 is in communication with feeders FDR_01,
FDR_02, and FDR_03 to obtain signals therefrom using current transformers (CTs), and
potential transformers (PTs). IED 128 is in communication with feeders FDR_04, FDR_05, and
FDR_06 to obtain signals therefrom using CTs and PTs. Further, IED 124 is in communication
with bus 102 to obtain signals therefrom using CTs and PTs. Finally, IED 122 isin

communication with bus 104 to obtain signals therefrom using CTs and PTs. IEDs 122-128 may
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be in communication using a communications system such as that described in conjunction
with Figure 3.

[0022]In certain circumstances, feeders may be switched from one busbar (e.g., busbar 104)
fed by one power source (e.g., source 1) to another busbar (e.g., busbar 102) fed by another
power source (e.g., source 2) without an associated protective device being updated regarding
the busbar to which the feeder is connected. When a fault occurs on one of the feeders, the
protective device may therefore not have sufficient information to determine which of the
feeders are potentially affected by the fault. Asillustrated, IEDs 122-128 are not in
communication with switches 110-120 and, therefore, may not be aware of the configuration
of the switches 110-120.

[0023] Figure 2 illustrates a three-line diagram of a system 200 including three feeders 214-
218 and that illustrates current flows in the system resulting from a fault 230 on one phase of
one of the feeders 214-218 consistent with embodiments of the present disclosure. Sensors
224-228 may be configured to monitor each of the three feeders 214-218. According to some
embodiments, sensors 224-228 may be connected to current transformers or potential
transformers, which may in turn be connected to an input module configured to create
digitized representation of current and/or voltage measurements. Each of the three feeders
214-218 is supplied electrical power by a delta-wye transformer 220.

[0024] Asillustrated, a ground fault 230 is associated with phase A on feeder 216. A fault
current, lg, associated with ground fault 230 flows from phase A to ground as a result of the
fault 230. Feeders that are electrically connected to the same source (i.e., feeders 214 and
218) as the faulted feeder (i.e., feeder 216) may experience an incremental change in current
flow as a result of the fault current Ir. More specifically, as a result of the fault current I, other
currents are induced in system 200, including currents lgs, Ic1, Iy, Iz, I3, and Ics. As illustrated,
the flow of the current associated with the fault 230, I, is in the opposite direction of the flow
of currents in the other feeders (i.e., feeders 214 and 218). As described in greater detail
below, certain embodiments of the present disclosure may monitor the flow of currents in a
system including a plurality of feeders 214-218 to determine which feeders 214-218 are
affected by a fault 230.

[0025]  Figure 3 illustrates a functional block diagram of a system 300 for monitoring an

electrical power distribution system including a plurality of feeders (not shown) consistent with
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embodiments of the present disclosure. System 300 includes a central controller 310 and two
distributed controllers 320 and 330. Central controller 310 and/or distributed controllers 320
and 330 may be implemented, according to certain embodiments, using the Axion® Distributed
Control and Integration Platform available from Schweitzer Engineering Laboratories of
Pullman, Washington (SEL).

[0026] Central controller 310 includes a CPU 312, which is configured, among other things,
to generate a timing signal that is communicated to distributed controllers 320 and 330. The
timing signal may be used to synchronize the operation of system 300 and/or to time-stamp
data collected by central controller 310 and/or distributed controllers 320 and 330. Central
controller 310 further includes a logic engine 318 that is configured to analyze data collected
by central controller 310 and distributed controllers 320 and 330. According to some
embodiments, data collected by distributed controllers 320 and 330 may be communicated to
central controller 310 for processing and analysis. Alternatively, data may be processed, in
whole or in part, using CPUs 313 and/or 314 included in distributed controls 320 and 330,
respectively. Moreover, the task of analyzing and processing the data may be distributed
among CPUs 312-314 and logic engine 318.

[0027] Data may be communicated among the central controller 310 and the distributed
controllers 320 and 330 using a variety of data communication technologies, including, for
example, EtherCAT’, Ethernet, SONET, SDH, or the like. Analysis of the data may be enabled
and/or facilitated by use of the common timing signal. According to one embodiment, CPU 312
and/or logic engine 318 may be embodied using the SEL-2241 Real-Time Automation Controller
available from SEL. Although the particular embodiment illustrated in Figure 3 illustrates direct
connections between central controller 310 and distributed controllers 320 and 330,
alternative embodiments may utilize different topologies. For example, the devices may be
connected in a ring topology or a daisy-chain topology.

[0028] System 300 includes a plurality of analog/digital (A/D) converters 340-345. A/D
converters may be configured to obtain measurements associated with a plurality of feeders
(not shown) in an electrical power delivery system. A/D converters 340-345 may obtain
electric power system information using current transformers (CTs), potential transformers
(PTs), Rogowski coils, and/or the like. The operation of A/D converters 340-345 may, according

to some embodiments, be synchronized using the timing signal distributed by central controller
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310. The data collected by A/D converters may include voltages, currents, phase angles, and
other electrical characteristics. According to some embodiments A/D converters may be
embodied as SEL-2244-2 Digital Input Modules available from SEL.

[0029] Figures 4 - 8illustrate a variety of systems 400, 500, 600, 700, and 800 that may be
used to perform certain functions described herein. In certain embodiments, systems 400,
500, 600, 700, and 800 may be communicatively coupled and operate in conjunction to
perform certain functions described herein. Although the illustrated systems may be used
together, the present disclosure is not limited to the specific implementations illustrated in
Figures 4 — 8. Rather, certain embodiments may omit one or more elements illustrated in
Figure 4 — 8. Further, embodiments consistent with the present disclosure may utilize
alternate designs and/or features.

[0030] Figure 4 illustrates a block diagram of a system 400 that may be implemented to
synchronize the operation of a plurality of A/D converters, such as A/D converters 340-345
illustrated in Figure 3, consistent with embodiment of the present disclosure. A time source
410 may provide a 1kpps and 1pps signal which may be used to synchronize a phase lock loop
(PLL) 402, which may generate a locked 1kpps signal provided to a re-sampler 404, although it
will be appreciated that other suitable frequencies may also be utilized. According to some
embodiments, the time source 410 may comprise central controller providing a time signal,
such as central controller 310 illustrated in Figure 3. According to other embodiments, time
source 410 may be embodied as a Global Navigational Satellite System (GNSS) such as the
Global Positioning System (GPS) system delivering a time signal corresponding with IRIG, a
WWVB or WWYV system, a network-based system such as corresponding with IEEE 1588
precision time protocol, and/or the like. In one specific embodiment, time source 410 may
comprise a satellite-synchronized clock (e.g., Model No. SEL-2407, available from SEL),
although in other embodiments time source 410 may be any time source capable of delivering
the 1kpps and 1pps time signal and/or any other suitable time signals to system 400. The re-
sampler 404 may generate a 2.4 kHz re-sampler synchronized to the top of second (TOS) by the
1pps signal. The re-sampler may then re-sample a 24 kHz non-synchronized data inputto a 2.4
kHz synchronized data stream where the 15t sample is taken at the TOS. The 24kHz non-
synchronized data input may be associated with a voltage or current sensor in electrical

communication with an electric power distribution system. The re-sampled data may then be



10

15

20

25

30

WO 2015/038424 PCT/US2014/054233

provided as an input to a finite impulse response (FIR) filter 406. According to some
embodiments, FIR filter 406 may be embodied as a full cosine FIR filter where the processing of
the data is also synchronized using the 1pps signal. In such embodiments, the data may be re-
sampled synchronously and/or processed synchronously. A variety of signal frequencies may
be used in connection the operation with system 400, and that any suitable frequency or
frequencies may be utilized in implementing certain embodiments of the systems and methods
disclosed herein.

[0031] A magnitude and angle calculation system 408 may use the output of the FIR filter
406 to compute a magnitude and a phase angle at a set interval. According to some
embodiments, a magnitude and phase angle may be calculated every 5 milliseconds, although
other suitable calculation frequencies may also be utilized. The magnitude and angle
calculation system 408 may associate the calculated values with an alias name and/or time
stamp. According to some embodiments, an alias name may include an indication an
associated feeder for the data value.

[0032] Figure 5 illustrates a system 500 that may be used to process an incoming data
stream of magnitude and angle calculations tagged with information regarding the source of
the data consistent with various embodiments of the present disclosure. According to some
embodiments, the data stream received by system 500 may be provided by the system 400
illustrated in Figure 4. System 500 may transform the incoming data stream from a rotating
phasor to a stationary phasor. In other words, system 500 may convert the data stream from a
“polar” format to a “rectangular” format in order to facilitate further analysis of the data.
While some embodiments consistent with the present disclosure may perform this polar-to-
rectangular-conversion, other embodiments may analyze the data in polar format. In such
embodiments, system 500 may be modified or omitted.

[0033] According to the illustrated embodiment, and as described in connection with one
embodiment of Figure 4, data may be transmitted at a rate of 5 milliseconds. A data
transmission rate may relate to angular increment of 1082 degrees between successive
samples. Accordingly, to create a stationary phasor, a stationary phasor generator 502 may
subtract n*108 degrees from a measured angle, where n is a sample number associated with
each data sample. The output of the system 500 may be passed to a subsequent system for

further processing.
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[0034] Figure 6 illustrates a system 600 that may determine whether a change in an

incoming data stream has occurred in a specific time interval consistent with various
embodiments of the present disclosure. According to some embodiments, the input of system
600 may be the output of the system 500 illustrated in Figure 5. In one embodiment, the
incoming data is data from one of the feeders, which may be current data from one of the
feeders. In another embodiment, the incoming data is from one of the buses, which may be
voltage data from one of the buses. In certain embodiments, the calculations performed in
system 600 may be performed for each of the feeders and each of the buses in the electric
power delivery system.

[0035]In order to perform the determination of whether a change in the data has occurred,
system 600 may compare the present data (kxx_MAGy) against data that is a certain number of
cycles old. It should be noted that as used herein, in the designation “kxx” the “k” may indicate
a measured attribute of the electric power delivery system (such as V for voltage or | for
current), and the “xx” may indicate a location on the electric power system associated with the
expression, such as “01” for feeder 01. In the illustrated embodiment, the current data is
compared to data samples that are six cycles old (i.e., kxx_MAGk-20). Data incoming from
Figure 5 (kxx_MAG* and kxx_ANG*) may be in polar format. In order to simplify calculations,
the incoming data may be converted to rectangular format using filter 602 to produce a real
portion Rex and an imaginary portion Imy. Real and imaginary portions of the data may be
stored in a buffer as described below. In alternative embodiments, calculations may be made
on polar formats of data, and such filter 602 may not be needed. In such embodiments, polar
formats of the incoming data may be stored in the buffer 604.

[0036] A first-in-first-out (FIFO) buffer 604 may be used in the comparison of present data with
previous data to determine whether a change in the data has occurred. In certain
embodiments, the point of comparison on the waveform may depend on the fundamental
frequency of the electric power distribution system monitored using system 600. In the
currently illustrated embodiment, system 600 may be configured to operate in conjunction
with an electric power distribution system operating at a fundamental frequency of 60 Hz. In a
60 Hz system, the period of each cycle is 16.667 ms, and six cycles occur every 100 ms.

Further, as discussed above, various embodiments consistent with the present disclosure may

sample the electric power distribution system every 5 ms. Accordingly, if system 600 receives
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data samples every 5 ms, 20 samples are obtained every 100 ms. According to this
embodiment, therefore, system 600 includes a FIFO buffer 604 capable of storing 20 samples
such that the present sample may be compared with a sample six cycles previous. According to
various embodiments, the buffer may store either voltage or current values.

[0037] As illustrated summation block 606 may be used to determine a difference between
present data (for example, Rex and Img) and previous data (for example Rex,0 and Im.2). The
previous values Rey-20 and Img-o are available from the FIFO buffer 604, and may be summed

with present values using Equation 1 to produce difference values kxx_D_Reg and kxx_D_Imy:

(Rey — Rep_yo) +j(Imy, — Imy_y,) Equation 1

[0038] In certain embodiments, the system 600 may include a comparison buffer 612. The
comparison buffer 612 may be beneficial to reduce the occurrences of a comparison value
being corrupted by fault quantities, and may result in the system resetting itself in the event of
a temporary fault such as, for example, a temporary single line to ground fault. Insuch a
system 600, the comparison values (Co_Rex and Co_Imy) are presented to the summation block
606, which sums the comparison values with the present values to produce difference values

kxx_D_ Regand kxx_D_Imy according to Equation 2:

(Rey, — Co_Rey) + j(Imy, — Co_Imy,) Equation 2

[0039] When no fault was indicated on the previous processing cycle (kxx_Tek.1 ==0), then
switch S1 610 remains in position 1, and the previous values Re.0 and Imy.20 from FIFO buffer
604 are fed into the comparison buffer 612 and become the comparison values (Co_Rei and
Co_Imy) from the comparison buffer to the summation block 606. Otherwise, if a fault was
indicated in the previous processing cycle (for example, kxx_Tek.1==1), then the switch S1 610 is
in position 2, wherein the comparison values (Co_Rex and Co_Imy) are fed back into the
comparison buffer 612 and remain the comparison values that are presented to the
summation block 606. Further discussion of how a fault is indicated follows in conjunction with

Figure 8 which computes kxx_TE.
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[0040] It should be understood system 600 may be on a per-feeder basis where, as previously
discussed herein, the “xx” indicator represents the particular feeder. Thus, if a particular
feeder exhibits a fault in the previous processing cycle switch S1 610 will be in position 2 for
that particular feeder but not for the remaining feeders.

[0041]  Figure 7 illustrates a system 700 for identifying elements that experience an
incremental change and identifying elements that do not experience an incremental change
consistent with various embodiments of the present disclosure. According to some
embodiments, system 700 may receive as an input the difference values output of system 600
such as kxx_D_Rek and kxx_D_Imy, illustrated in Figure 6. Using the difference values from
system 600, a present difference magnitude value kxx_D_MAGk may be computed in 704 by,
for example, finding the square root of the sum of the squares of the real and imaginary
differences D_Rex and D_Imy. This present difference magnitude kxx_D_MAGk may be used as
in input to Figure 8. The present difference magnitude kxx_D_MAGk may be used in Figure 8 to
determine incremental checks kxx_TEy for each difference value.

[0042] Turning again to Figure 7, using the difference values from system 600, the incremental
change of each feeder and of each busbar (for example, kxx DTE_Rex and kxx_DTE_Img) may
be multiplied by the corresponding value of kxx_TEx in 702 from Figure 8. In instances where
there has not been an incremental change, the value of kxx_TEy is 0, and accordingly, such
elements may be set to zero. Elements for which the kxx_TEi value is non-zero may result in an
output from system 700 that is non-zero. As described above, those elements associated with
a fault may exhibit an incremental change. The output of system 700 may, therefore, be used
to determine which elements are associated with a faulted zone and those elements that are
not associated with a faulted zone.

[0043] Figure 8 illustrates a system 800 that compares in comparator 802 the present value
of the data difference (kxx_D_MAG) against the average value of the data difference (THRESk)
and determines if the data difference is greater than a threshold value for longer than a
specified threshold consistent with certain embodiments of the present disclosure. According
to some embodiments, system 800 may receive as an input the present value of the data
difference kxx_D_MAGy output of system 700 of Figure 7. System 800 may compare the value
of the data difference kxx_D_MAGk against the average value of the data difference (THRESy) in

comparator 802. If the value of the data difference kxx_D_MAGy is greater than the threshold
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value THRES for a predetermined amount of time 804 such as, for example, more than 3
processing intervals/counts (or any other suitable interval) the incremental check logic will
assert an output (kxx_TEk). In other words, the output (kxx_TEk) indicates that the data has
experienced an incremental change. According to some embodiments, the data may be tied to
a specific piece of equipment. The data may thus represent, an incremental change in, for
example, a feeder’s residual current or a busbar’s residual voltage.

[0044] The threshold (THRESk) may be dynamically calculated using a filter such as an
infinite impulse response (“lIR”) filter 808 such as that shown in Figure 8. The threshold value
may be generated by comparing the present difference kxx_D_MAG to a minimum 810 and
maximum 812 value in 814. The minimum value 810 and maximum value 812 may be
determined as appropriate for each system. If the present difference is less than the minimum
value, the minimum value may be used, likewise if the present difference is greater than the
maximum value, the maximum value may be used. If the present difference is between the
minimum value and the maximum value, the actual present difference value may be used.
[0045] Once the present difference value has passed through the minimum/maximum
check 814 and the incremental check logic is not asserted (kxx_TEk = 0),the threshold value
(THRESK) may be calculated by using 1/8™" of the new data and 7/8t" of the previous threshold

value (THRESk.1), as expressed in Equation 3.

1 7 ,
THRESk = §DmmMAGk + §THRESR_1 Equatlon 3

As illustrated, this may be accomplished by setting both switch S1 816 and switch 2 818 to
position 2. It should be understood that other configurations are contemplated. If the
incremental check logic element is asserted (i.e., kxx_TEk = 1) then the present value of the

threshold may be set equal to the previous value of the threshold, as expressed in Equation 4.
THRES, = THRES;_4 Equation 4

As illustrated, this may be accomplished by setting both switch S1 816 and switch 2 181 to
position 1. It should be understood that other configurations are contemplated. The

maximum value of the IIR filter 808 may be determined according to Equation 5.
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MAXo = 0.015 # 15 mA for current / 15V for voltage _initial Equation 5
values

IF D_MAG3 > MAXy && TEi = =0,
THEN MAXk = D_MAGk:3,

ELSE MAX, = MAXy1

[0046] A torque calculation may be generated for each element having a non-zero output

from system 800 of Figure 8. A reference value for the torque calculation may be generated as
5  thefirst bus voltage that experiences an incremental change. That is, the voltage where

Vxx_TEx=1, where “V” is voltage and “xx” references the bus. A reference value for the torque

calculation for voltage may be generated using Equation 6.

IF Vxx_TEk == Equation 6
THEN  VDMAX_RE = Vxx_D_RE,
VDMAX_IM = Vxx_D_IM,

ELSE VDMAX_RE == 0,
VDMAX_IM ==

10  [0047]Once the reference voltage has been selected, the incremental torques for current of

each feeder may be calculated using Equation 7.

IF Ixx_TEx==1; Equation 7
THEN TQR_xx ==((Ixx_DTE_REx x VDMAX_Im) —
(Ixx_DTE_IMk x VDMAX_Rex));
ELSE TQR_xx==0

Once all the torques for each of the feeders have been calculated, the faulted feeder may be

15  determined by identifying the feeder that experienced the greatest positive incremental
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torque change (TQR xx). As used herein a “positive” torque change refers to forward flow of
current in particular feeder. Similarly, a “negative” torque change refers to backward flow of
current in particular feeder. To increase the confidence in the determination of the faulted
feeder, certain embodiments may verify that the feeders that experienced the second and

5  third greatest incremental change experienced incremental torque changes in a direction
opposite of the faulted feeder (e.g. negative incremental change whereas the faulted feeder
experienced a positive incremental change). The process may begin by calculating the absolute

torque associated with each feeder using Equation 8.

ABS TQR_ xx = abs(TQR_xx) Equation 8

10

The sign associated with each incremental change may be determined using Equation 9.

IFTQR xx>0; Equation 9
THEN SIGN_TQR_xx = “+”;

IF TQR_xx <0;

THEN SIGN_TQR_xx = “-”;

IF TQR_xx==0;

THEN SIGN_TQR_xx = “non”;

The results of Equations 8 and 9 may be tabulated using the absolute incremental torque, the
15  sign of the incremental torque, and the feeder associated with each quantity. An example is

illustrated in Table 1, below.

Table 1
Row Absolute Incremental | Incremental Feeder
Number | Torque Torque sign Name
1 25 - TQR_05
2 45 + TQR_08
3 06 - TQR_03
4 17 - TQR_09

14



WO 2015/038424 PCT/US2014/054233

n 0 + TQR_xx

[0048] The tabulated results may be sorted using the absolute incremental torque, from

maximum to minimum, maintaining the integrity of the row data, as shown below in Table 2.

Table 2

Row Absolute Incremental | Incremental Feeder
Number | Torque Torque sign Name

1 45 + TQR_08
2 25 - TQR_05
3 17 - TQR_09
4 06 - TQR_03
XX 0 + TQR_xx

5 Based on the results shown in Table 2, above, feeder TQR_08 may be identified as the faulted
feeder. The identification of feeder TQR 08 may be verified by comparing the incremental
torque sign of row 1 to the incremental torque sign of row 2 (i.e., the feeder having the second
largest incremental change). If row 2 has a negative incremental torque sign, the confidence in
the identification of feeder TQR_08 as the faulted feeder may be increased. Confidence may

10  further be increased in the identification of the faulted feeder if row 3 has a negative

incremental torque sign. The verification may be made using Equation 10.

IF SIGN_TRQ_(row1)=="+" && SIGN_TRQ(row2)=="-“ && Equation 10
SIGN_TRQ_(row3)=="-";
FAULT 1=1;
ELSE
FAULT1 = 0;

[0049] If the incremental torque sign of row 1 and row 3 are negative and row 2 is positive,

15  then an additional verification may be performed to increase the confidence in the
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identification of the faulted feeder. The verification may be performed by determining
whether the absolute incremental torque change of row 2 is greater than a specified threshold.
According to one embodiment, the threshold may be 90% of the absolute incremental torque
change of row 1. Equation 11 expresses this verification.
5 [0050]
IF SIGN_TRQ_(row1)=="-“ && SIGN_TRQ(row2)=="+" && Equation 11
SIGN_TRQ_ (row3)<>"+";

{
IF ABS_TQR_(row2) > 0.9%*ABS_TQR_(row1);
FAULT2 = 1;
ELSE FAULT2 = 0;
}

ELSE FAULT2 =0;

[0051] Another possibility is that a simultaneous fault can occur on two feeders. This

possibility may be addressed by evaluating Equation 12.

IF SIGN_TRQ_(row1)=="+“ && SIGN_TRQ(row2)=="+" && Equation 12
SIGN_TRQ_(row3)<>"-";
DOUBLE1=1;
ELSE DOUBLE1 = 0;
10
If FAULT1, FAULT 2 and DOUBLE1, are all equal to zero then a decision of the faulted feeder
may not be made.
[0052] Figure 9 illustrates a flow chart of one embodiment of a method 900 for detecting a
faulted feeder in an electric power distribution system consistent with embodiments of the
15  present disclosure. At 902, a system implementing method 900 may determine the
incremental current change for each of a plurality of feeders. Similarly, a determination of an
incremental voltage change for each busbar may be made, at 904.
[0053] Asdescribed above, the incremental changes may be associated with a

directionality of current flow. At 906, a directionality or torque associated with each feeder
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having an incremental current change may be calculated. The feeder having the largest
incremental current change may be identified at 908. According to some embodiments, the
identification of the feeder having the largest incremental current change may involve
tabulating the incremental current change associated with each feeder and sorting the
tabulated results by the absolute value of the incremental current change.

[0054] At 910, it may be determined whether the torque of the identified feeder is
positive. As described above, a fault may result in a positive torque, or an increase in the flow
of current toward the fault. If the direction of the torque is not positive, at 912, the analysis
may be changed to the feeder with the next largest incremental change, and method 900 may
return to 910. If the torque of the feeder identified at 910 is positive, at 914, method 900 may
determine if the torques of next two feeders, as determined by the largest incremental current
change, are negative. As described above, if the next two feeders, as determined by the
largest incremental current change, each have a negative torque, confidence in the
identification of the faulted feeder is increased. Accordingly, at 918, the faulted feeder may be
identified.

[0055] Ifitis determined at 914 that the torques of the next two feeders are not both
negative, at 916, it may be determined if the magnitude of the next feeder is negative and
greater than a threshold. As noted above, if the torque of the next greatest feeder is negative
and the magnitude exceeds a threshold, confidence in the identification of the faulted feeder is
increased, and method 900 may move to 918. If the torque of the next feeder is not negative
and/or the magnitude does not exceed the threshold, it may be determined whether multiple
faults have occurred at 920. If multiple faults have occurred, the occurrence may be identified
at 922. If multiple faults have not occurred, an error may be identified at 924.

[0056]  Figure 10 illustrates a functional block diagram of a system 1000 for detecting faults
in an ungrounded electrical distribution system consistent with embodiments of the present
disclosure. In certain embodiments, the system 1000 may comprise an IED system configured
to, among other things, determine a faulted feeder in an electric power distribution system.
System 1000 may be implemented in an IED using hardware, software, firmware, and/or any
combination thereof. Moreover, certain components or functions described herein may be

associated with other devices or performed by other devices. The specifically illustrated
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configuration is merely representative of one embodiment consistent with the present
disclosure.

[0057] System 1000 includes a communications interface 1016 configured to communicate
with other IEDs and/or system devices. In certain embodiments, the communications interface
1016 may facilitate direct communication with another |IED or communicate with another IED
over a communications network. Communications interface 1016 may facilitate
communications with multiple IEDs. System 1000 may further include a time input 1012, which
may be used to receive a time signal (e.g., a common time reference) allowing system 1000 to
apply a time-stamp to the acquired samples. In certain embodiments, a common time
reference may be received via communications interface 1016, and accordingly, a separate
time input may not be required for time-stamping and/or synchronization operations. One
such embodiment may employ the IEEE 1588 protocol. A monitored equipment interface 1008
may be configured to receive status information from, and issue control instructions to, a piece
of monitored equipment (such as a circuit breaker, conductor, transformer, or the like).

[0058] Processor 1024 may be configured to process communications received via
communications interface 1016, time input 1012, and/or monitored equipment interface 1008.
Processor 1024 may operate using any number of processing rates and architectures. Processor
1024 may be configured to perform various algorithms and calculations described herein.
Processor 1024 may be embodied as a general purpose integrated circuit, an application
specific integrated circuit, a field-programmable gate array, and/or any other suitable
programmable logic device.

[0059] Incertain embodiments, system 1000 may include a sensor component 1010. In the
illustrated embodiment, sensor component 1010 is configured to gather data directly from a
conductor (not shown) or from secondary outputs from equipment transformers such as, for
example, current or voltage transducers (CTs or VTs) and may use, for example, transformers
1002 and 1014 and A/D converters 1018 that may sample and/or digitize filtered waveforms to
form corresponding digitized current and voltage signals provided to data bus 1022. A/D
converters 1018 may include a single A/D converter or separate A/D converters for each
incoming signal. A current signal may include separate current signals from each phase of a
three-phase electric power system. A/D converters 1018 may be connected to processor 1024

by way of data bus 1022, through which digitized representations of current and voltage signals
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may be transmitted to processor 1024. In various embodiments, the digitized current and
voltage signals may be used to calculate the location of a fault on a feeder as described herein.
[0060] A computer-readable storage medium 1030 may be the repository of various
software modules configured to perform any of the methods described herein. A data bus
1026 may link monitored equipment interface 1008, time input 1012, communications
interface 1016, and computer-readable storage medium 1030 to processor 1024.

[0061] Communications module 1032 may be configured to allow system 1000 to
communicate with any of a variety of external devices via communications interface 1016.
Communications module 1032 may be configured for communication using a variety of data
communication protocols (e.g., Ethernet, IEC 61850, etc.). According to one specific
embodiment, communications module 1032 may be configured to facilitate communication in
a system such as system 300, which is illustrated in Figure 3.

[0062] Returning to a discussion of Figure 10, a synchronization module 1034 may be
configured to synchronize the operation of system 1000 and/or to time-stamp data received
from sensor component 1010 and/or data received via communications interface 1016.
Synchronization module 1034 may be configured to generate phasor representations of such
measurements, which may be synchronized as synchrophasors in certain embodiments.
According to one specific embodiment, synchronization module 1034 may implement the
synchronization and timing functions described in connection with system 400, which is
illustrated in Figure 4.

[0063] Stationary phasor generator module 1036 may be configured to generate a
stationary phasor from a plurality of rotating phasor measurements. In certain embodiments,
stationary phasor generator module 1036 may be configured to convert data measurements
from “polar” format to the “rectangular” format, in order to facilitate further analysis of the
data. According to one specific embodiment, stationary phasor generator module 1036 may
implement the conversion functions described in connection with system 500, which is
illustrated in Figure 5.

[0064] A magnitude and angle module 1038 may be configured to determine magnitude
values associated with various measurements associated with electrical characteristics of an
electric power delivery system. Exemplary electrical characteristics may include, for example,

voltages, currents, phases, etc. For example, magnitude and angle module 1038 may be
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configured to determine the magnitude and angle of a plurality of measurements received
from sensor component 1010. Magnitude and angle module 1038 may further be configured
to identify the largest measurements in a group of measurements.

[0065] Torque module 1040 may be configured to determine the torque calculations
described herein. For example, torque module 1040 may be configured to implement
Equations 5-7, which are described above, and which may be utilized in connection with
identifying a faulted feeder in an electric power distribution system.

[0066] Incremental change module 1042 may be configured to dynamically determine
changes in data values. According to one specific embodiment, incremental change module
1042 may implement the conversion functions described in connection with system 800, which
is illustrated in Figure 8.

[0067] A fault determination module 1044 may be configured to implement a method for
identifying a faulted feeder using the techniques described herein. Fault determination
module 1044 may coordinate its operation with modules 1032-1042 and may utilize
information and/or calculations generation by such module. According to one specific
embodiment, fault determination module 1044 may implement the method 900, which is
illustrated in Figure 9.

[0068] While specific embodiments and applications of the disclosure have been illustrated
and described, it is to be understood that the disclosure is not limited to the precise
configurations and components disclosed herein. For example, the systems and methods
described herein may be applied to an industrial electric power delivery system or an electric
power delivery system implemented in a boat or oil platform that may not include long-
distance transmission of high-voltage power. Moreover, principles described herein may also
be utilized for protecting an electrical system from over-frequency conditions, wherein power
generation would be shed rather than load to reduce effects on the system. Accordingly, many
changes may be made to the details of the above-described embodiments without departing
from the underlying principles of this disclosure. The scope of the present invention should,

therefore, be determined only by the following claims.
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WHAT IS CLAIMED IS:

1. A system for detecting a faulted feeder in an ungrounded electrical power distribution
system comprising a plurality of buses and feeders, the system for detecting comprising:

a plurality of intelligent electronic devices (IEDs) in electrical communication with the
buses and feeders to obtain electrical signals therefrom; each IED comprising a
communications module and a communications interface for communicating electric power
information from the buses and feeders;

a stationary phasor generator module configured to calculate stationary phasors for
voltage information from the buses and current information from the feeders;

a magnitude and angle module for calculating magnitudes and angles of the voltage
information from the buses and current information from the feeders;

an incremental change module for calculating an incremental change in voltage for
each bus, and calculating an incremental change in current for each feeder;

a torque module for calculating a torque value for each feeder based on the torque
value for a first bus with a first incremental change exceeding a threshold and the incremental
change in current for each feeder, and determining a relative direction of torque for each
feeder; and,

a fault determination module for identifying a faulted feeder based on the determined

torque and relative direction of torque of each feeder.

2. The system of claim 1, wherein the identified faulted feeder comprises the feeder with

the greatest incremental change in current.

3. The system of claim 2, wherein the identified faulted feeder comprises the feeder with
a relative direction different from feeders with the next two largest incremental changes in

current.

4, A method for detecting a faulted feeder in an ungrounded electrical power distribution
system comprising a plurality of buses and feeders, the method comprising:
monitoring an electrical parameter associated with each of the plurality of feeders and

buses;
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an Intelligent Electronic Device (“IED”) determining an incremental change in the
monitored electrical parameters associated with the plurality of feeders and buses;

the IED identifying a first bus of the plurality of buses having an incremental change
exceeding a threshold;

the IED calculating a reference value using voltage measurements from the identified
first bus;

the IED calculating an incremental change for each feeder of a subset of feeders of the
plurality of feeders;

the IED calculating torque values for the subset of feeders based on the reference value
and the incremental changes; and

identifying the faulted feeder as a feeder with the greatest calculated incremental

change.

5. The method of claim 4, wherein identifying the faulted feeder comprises a torque

direction opposite a direction of a feeder with the next largest calculated incremental change.

6. The method of claim 5, wherein the feeder with the next largest calculated incremental

change is a calculated incremental change greater than a threshold.

7. The method of claim 4 wherein the faulted feeder comprises a torque direction

indicating forward power flow.

8. The method of claim 4, wherein the subset of feeders comprises feeders with the same
relative torque direction, and the faulted feeder comprises the feeder of the subset of feeders

with the greatest calculated incremental change.

9. The method of claim 8, wherein two of the feeders of the subset of feeders with the

next two largest calculated incremental changes both have torque directions opposite that of

the faulted feeder.
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10. The method of claim 8, wherein at least one of two feeders of the subset of feeders
with the next two largest calculated incremental changes have the same torque directions as
the faulted feeder, and the faulted feeder has a calculated incremental change greater than a

threshold.

11. The method of claim 8, wherein at least one of two feeders of the subset of feeders
with the next two largest current incremental values comprise torque with torque directions
the same as the direction of the torque of the faulted feeder, and the faulted feeder has a
calculated incremental change not greater than a threshold, the method further comprising

identifying multiple faults.

12. The method of claim 4, wherein at least one of the feeders comprises an underground
cable.

13. The method of claim 4, wherein at least one of the feeders comprises an overhead line.
14. The method of claim 4, wherein the incremental change in the monitored electrical

parameters associated with the plurality of buses comprises an incremental change in voltage.

15. The method of claim 4, wherein the incremental change in the monitored electrical
parameters associated with the plurality of feeders comprises an incremental change in

current.

16. An intelligent electronic device (IED) for detecting a faulted feeder in an ungrounded
electrical power distribution system that includes a plurality of buses and feeders, the IED
comprising:

a sensor component in electrical communication with the electric power distribution
system for obtaining electric power system information from the electric power distribution
system;

a communications interface in communication with another IED for receiving electric

power system information therefrom;
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wherein the electric power system information obtained comprises bus voltage
information and feeder current information;

an incremental change module for calculating an incremental change in voltage for
each bus, and calculating an incremental change in current for each feeder;

a torque module for calculating a torque value for each feeder based on the torque
value for a first bus with a first incremental change exceeding a threshold and the incremental
change in current for each feeder, and determining a relative direction of torque for each
feeder; and,

a fault determination module for identifying a faulted feeder based on the determined

torque and relative direction of torque of each feeder.

17. The IED of claim 16, wherein the identified faulted feeder comprises the feeder with the

greatest incremental change in current.

18. The IED of claim 17, wherein the identified faulted feeder comprises the feeder with a
relative direction different from feeders with the next two largest incremental changes in

current.

19. The IED of claim 16, further comprising a stationary phasor generator module
configured to calculate stationary phasors for voltage information from the buses and current

information from the feeders.

20. The IED of claim 16, further comprising a magnitude and angle module for calculating

magnitudes and angles of the voltage information from the buses and current information

from the feeders.

24



WO 2015/038424

PCT/US2014/054233
1/9
Figure 1
100 X Source 1 Source 2
A A 124 122
—
IED IED
102 L‘J"J W
\ T o

TN
atninl

N N

4 ~4 ~4 / Ny N N
104

R T m— HE 3 HE——

\d \i \d \ A \i
FDR_01 FDR_02 | |FDR_03 FDR_04 | |FDR_05 || FDR_06
IED IED

o ~

126




PCT/US2014/054233

WO 2015/038424

2/9

woonmo“_hUQoMl

s@ Nm%

IK

—1

—>

a0 L o

oooHomo T ovry |

S_M aﬂ

IK

id

—

ﬂ 00

Z 9InbBi4



WO 2015/038424

Figure 3
300 \

310
Iy

A/D
340

A/D
341

3/9

Timing
Signal

PCT/US2014/054233
[ 320
\.
o A/D
N 342
\'\_ A/D
A 343
cpu O
313 3
b ve&l
;Mag&Ang
[ 330
\.
o A/D
.o\ 344
\'\_ A/D
N 345
cpu O
314 3 ,
. val
*Mag&Ang




WO 2015/038424

PCT/US2014/054233
4/9
Figure 4
[ 400
oY At
A l \ 24 kHz
v \vi
1K 1K Resample t Mag & A MAG
pps pps esample o ag ng
- > PLL > oakHz [ FIR 9 Calculation
ime

J J ANG
Source
s 42 404/ T 406 T w] ]

410 J

Updated
every 5ms

Figure 5
[ 500
TAGS
MAG kxx_MAG*
Stationary Data ready for

‘ Phasor processing

ANG Generator kxx_ANG*
‘ 502

T k=Vorl

(V= voltage | = current)
ANG, — mod(mod(k, 10)*108,360) xx = 00-99



PCT/US2014/054233

WO 2015/038424

5/9

(@)

W
(D)

;g

(g0l (v-0) N o9

(g)

;

wj 0o w09
A<v Q| v_wm_loo

ey 0D

~:dwo)

¢l9

019'S

¢='sesq
l='SusylL
‘0== 1L %0 J|

N

~Jayn
09 ng 0414

L ONY X0f |
< 9Old
ooy [0
\
209
2.nbi
A 009 9 14



WO 2015/038424

Figure 7
kxx_D_Reg
From
FIG.6
kxx_D_Imy

PCT/US2014/054233
6/9
702
-
kxx_ TE« D Rex kxx_DTE_Rek
ko _TE-D_Imc |y DTE Im,

j D_sek +D_Imk2

—
704

ko D_MAG, - °F¢



PCT/US2014/054233

WO 2015/038424

79

Z uonisod as|3
l=31 1 | uonisod = ¢g

G/8°0

818

_"OVW a
= IOyW wuwq es|g
UIN = 'Oy Wwwq usy |
UIN > YOV a4l

Xep =OyW wwQqg uay]

Xe <OV gl

"STHHL =

gzL'0 e
308UD -
0 _ ——— MOVIN_ QX0
029 ) Oy wwa XeN/UIN
Z uoisod as|3 1A%
L=3L 4 | uonisod = 'g
J9)I4 Ml
~=— = -
— 808 -

1L XX -]

Jud

ST)

¥08

-
//I// O w -
- -~
//Il :D—\\
~—— -
dll

i "SIUHL XEN=

¢08

-

OVINTd XX Y

L '9ld
o4

g 9inbi4



PCT/US2014/054233

WO 2015/038424

8/9

(3«
*

816
18pa84 pajned Ajjuap|

*
SOA

SOA

<« S8\

L 976
v16 iploysaiy) ueyy

¢ONIEDaN siapasd om[ IXeN JO ON—>"__ 118219 apniubejy pue aanebap Jopes4
anbio] IXaN Jo anbio|

%

6
Jo13 Aiuap)

016
{OAISOd Jopa94 paunuspl JO
anbio|

ON—>

216

abueyn [eyuswaiou| 1sabie] xeN
UM Japaa4 0] sisAjeuy abueyd

<

806
abueyn jualn) eluswaIou| 1sabie yim Japas Alnuap)

%

906
18pea4 yoeg
10} 8BUBYD JUBLNY [BIUBWSIOU| U)IM PaJRInoSSY anbio] ajenojen

%

706
Jeqsng yoe3 Jo4 abueyn abe)jjo A [ejuswaIou| BuIWIR)e(

%

206
18paa4 yoeg Jo4 sbuey) 1uslng [BJUSWIOU| BY) BUILLIS)(Q

4Koom

443
sjne4 a(dninjy Jo

90U.IN220 Anuap|
A

SOA

026
¢Sine4 sidninpy

6 91nB14



PCT/US2014/054233

WO 2015/038424

9/9

B
9INPON
uoleuIWIB_( e
ol 0T 8E0)
a|npojy abueyn SINPOJy anbio] a|npojy sjbuy
[EJUBWBIOU| pue apniubeyy
%01 707 ZE07 L
8NPOJ J0)eIBUSL) 9INpPo aINpopy | _
Joseyd Aieuoneis UONEZIUOIYOUAS SUONBIIUNWIWIOY) _ A "
__ _ N
0%0F _ 6 1],
wnips|y abeln)s s|qepesy-18indwo) " Bt
I
| s |
9101 201 | | sisueruo) _
80BLS)U| SuonesIuNWWOo) 10SS8201d f I av _
I
9201~ e | wm L
— — | _
8001 ¢lol _ f _
aoeau| Juswdinb3 paIojuopy Induj swi| o_o_/“ 2004 |
||||||||||||| _
S
0001
0} aunbi4



- INTERNATIONAL SEARCH REPORT PCT/US2014/054233-02:012645—

PCT/US14/54233

A. CLASSIFICATION OF SUBJECT MATTER
IPC(8) - HO2H 3/26; GO1R 11/25, 31/08 (2014.01)
CPC - HO2H 3/26; GO1R 11/25, 31/08
According to International Patent Classification (IPC) or to both national classification and IPC

B.  FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)

IPC(8): HO2H 3/00, 3/08, 3/10, 3/16, 3/26, 3/28, 3/30, 9/08; GO1R 11/25, 27/18, 31/00, 31/02, 31/08, 31/14 (2014.01) : CPC: HO2H
3/081, 3/083, 3/26, 3/265, 3/385, 3/402; GO1R 11/25, 27/18, 29/16, 31/00, 31/02, 31/024, 31/025, 31/08, 31/085, 31/088, 31/40

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the intenational search (name of data base and, where practicable, search terms used)

MicroPatent (US Granted, US Applications, EP-A, EP-B, WO, JP, DE-G, DE-A, DE-T, DE-U, GB-A, FR-A); ProQuest (Derwent, INSPEC,
NTIS, PASCAL, Current Contents Search, Dissertation Abstracts Online, Inside Conferences); IP.com; Google Scholar; KEYWORDS:
fault, feeder, IED, intelligent, electr, device, phasor, magnitude, angle, threshold, torque, directionality, power

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | - Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2012/0323397 A1 (SCHWEITZER, Il E et al.) December 20, 2012; abstract; figure 1; 1,4,16
paragraphs [0025, 0026, 0029, 0040, 0041]

A US 2012/0068717 A1 (GONG, Y et al.) March 22, 2012; abstract; figures 1 and 8; paragraphs 1,4, 16
[0012, 0024, 0087, 0088, and 0093]

A US 2013/0088239 A1 (MYNAM, M et al.) April 11, 2013; abstract; figure 1; paragraphs [OOi 1, 1,4,16
0014, 0019, 0021, 0039)

A US 2011/0068803 A1 (CALERO, J et al.) March 24, 2011; abstract; figure 1; paragraphs [0017, | 1, 4, 16
0018, 0020, 0021, 0116, 0117] . .

A US 2007/0085549 A1 (FISCHER, N) April 19, 2007; entire document : 1-20
D Further documents are listed in the continuation of Box C. D '
1 ° -~
* Special categorics of cited documents: “T” later document published after the international filing date or priority
“A” document defining the gencral state of the art which is not considered date and not in conflict with the application but citcd to understand

to be of particular rclevance the principle or theory underlying the invention

“E” earlicr application or patent but published on or after the international  «X»  document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L”  document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “y» document of particular relevance: the claimed invention cannot be

special reason (as specificd) . considered to involve an inventive step when the document is
“O” document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents, such combination
means being obvious to a person skilled in the art

“P”  document published prior to the international filing datc but later than  «g»  gocument member of the same patent family
the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report
29 November 2014 (29.11.2014) 0 2 J A N 20"5
Name and mailing address of the ISA/US  Authorized officer:
Mail Stop PCT, Attn: ISA/US, Commissioner for Patents . Shane Thomas
P.O. I?o>'( 1450, Alexandria, Virginia 2231371450 PCT Helpdssk: 5712724300
Facsimile No. 571-273-3201 , . PCT OSP: 571-272-7774




	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - drawings
	Page 35 - wo-search-report

