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(57) Abstract: The present application discloses systems and methods to determine loss of at least one electric power transmission
line in an electric power transmission system. In various embodiments, a system consistent with the present disclosure may include
an electrical parameter monitoring subsystem configured to receive electrical parameter measurements and to determine a change of
the electrical measurements. An analysis subsystem may determine whether a change in the electrical measurements is indicative of
loss of at least one transmission line and may calculate a number of transmission lines lost based on the change. In some embodi-
ments, a remedial action subsystem may be contigured to implement a remedial action in response to loss of at least one transmission
line. The number of transmission lines lost may be determined based on an angle difference ratio and a power ratio between two
buses in electrical transmission system.
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DETERMINING STATUS OF ELECTRIC POWER TRANSMISSION LINES IN AN
ELECTRIC POWER TRANSMISSION SYSTEM

TECHNICAL FIELD
[0001] This disclosure relates to techniques that may be utilized to determine the status of
electric transmission lines in electric power transmission systems. More particularly, but not
exclusively, the present disclosure relates to systems and methods configured to detect loss of
parallel transmission lines based on a measured electric parameter between two or more

transmission buses and without reference to a fixed threshold.

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 an example of an embodiment of a simplified one-line diagram of
an electric power delivery system with parallel transmission lines consistent with embodiments
of the present disclosure.
[0004] Figure 2 illustrates a plot over time of an angle difference between the buses in
Figure 1, before and after a transmission line is taken out-of-service consistent with
embodiments of the present disclosure.
[0005] Figure 3A illustrates a one-line diagram of an electric power delivery system with
two transmission lines disposed between three transmission buses consistent with embodiments
of the present disclosure.
[0006] Figure 3B illustrates a graph over time showing an angle equal to a difference
between the first transmission bus and the second transmission bus in the one-line diagram
shown in Figure 3A before and after the transmission line between the first and second
transmission buses is taken out-of-service.
[0007] Figure 3C illustrates a graph over time showing an angle equal to a difference
between the second transmission bus and the third transmission bus in the one-line diagram
shown in Figure 3A before and after the transmission line between the second and third
transmission buses is taken out-of-service.
[0008] Figure 4A illustrates a one-line diagram of an electric power delivery system with
multiple connection paths disposed between three transmission buses consistent with

embodiments of the present disclosure.



10

15

20

25

30

WO 2016/048832 PCT/US2015/050977
[0009] Figure 4B illustrates a graph showing a plot of an angle equal to a difference
between the first transmission bus and the second transmission bus in the electric power delivery
system illustrated in Figure 4A.

[0010] Figure 4C illustrates a graph over time showing an angle equal to a difference
between the second transmission bus and the third transmission bus in the electric power
delivery system shown in Figure 4A.

[0011]  Figure S illustrates a flow chart of a method for establishing a dynamically
adjustable threshold for detecting loss of a parallel transmission line based on a standing angle
difference between two buses consistent with embodiments of the present disclosure.

[0012] Figure 6 illustrates a flow chart of a method for detecting loss of a transmission line
based on a measured electric parameter and without reference to a fixed tripping threshold.
[0013] Figure 7 illustrates a function block diagram of an IED configured to detect loss of
transmission lines in electric power transmission systems consistent with embodiments of the
present disclosure.

[0014] In the following description, numerous specific details are provided for a thorough
understanding of the various embodiments disclosed herein. However, those skilled in the art
will recognize that the systems and methods disclosed herein can be practiced without one or
more of the specific details, or with other methods, components, materials, etc. In addition, in
some cases, well-known structures, materials, or operations may not be shown or described in
detail in order to avoid obscuring aspects of the disclosure. Furthermore, the described features,
structures, or characteristics may be combined in any suitable manner in one or more alternative

embodiments.

DETAILED DESCRIPTION
[0015] In order to increase the reliability of electric power transmission systems, parallel
transmission lines may be used. Parallel lines may allow for transmission of electric power to
continue while one of the lines is out-of-service. One of the lines may be taken out-of-service
intentionally (e.g., to perform maintenance, repairs, or the like) or may be taken out-of-service
by an unplanned event (e.g., a weather disturbance, an accident, equipment failure, etc.).
Delivery of electric power may be interrupted in the event that both of the lines are taken out-of-
service at the same time, whether the lines are taken out-of-service intentionally or
unintentionally.
[0016] Detecting a loss of one of the parallel lines may be achieved using at least two

general techniques. First, the status of the line (e.g., whether the line is in-service or out-of-
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service) may be determined by monitoring the status of connecting devices (e.g., breakers,
reclosers, etc). An indication of a status change may be communicated when a connecting
device changes state (e.g., changes from a closed or conducting state to an open state). Based on
an analysis of such connecting devices, the status of a transmission line may be determined.
Systems relying on state information to detect loss of a transmission line may be referred to
herein as state-based detection systems. Second, the status of a line may be determined by
monitoring various electric parameters associated with the line, such as the voltage, current,
and/or angle differences. Changes in such electric parameters may provide an indication that the
status of the line has changed. Systems relying on measurements of electric parameters to detect
loss of a transmission line may be referred to herein as measurement-based detection systems.
Certain regulatory agencies may require that parallel transmission lines be monitored using both
a state-based detection system and a measurement-based detection system. Use of both types of
systems may improve the likelihood of detecting a change in the state of the parallel
transmission lines.

[0017] Measurement-based detection systems may utilize voltage angle difference schemes
for detecting the loss of a parallel transmission line. A voltage angle difference scheme may
determine the relative angle between two locations in the electric power transmission system. In
certain instances a static and preset angle difference threshold may be specified for open line
detection, which in turn results in selectively disconnecting power system assets (e.g.,
generators, loads, etc.) to maintain stability of the system. Static and preset angle difference
threshold values may require study by an engineer to set appropriately. Further, such a threshold
may be set too high to avoid false tripping, but thereby making the system slower to respond.
Still further, static and preset thresholds cannot dynamically adapt for changes in power flow. In
some circumstances, reliance on static and preset thresholds may not be sufficient to maintain
transient stability in an electric power transmission system.

[0018] Embodiments consistent with the present disclosure may be configured to meet
arbitrary critical clearing time requirements. Some embodiments consistent with the present
disclosure may further be configured to operate without the use of predetermined or static
thresholds. Accordingly, such systems may avoid the need for engineering studies aimed at
identifying an appropriate threshold.

[0019] In various embodiments, a system consistent with the present disclosure may monitor
the currents flowing through parallel transmission lines connecting two buses. The system may
analyze the positive sequence voltage angle (V1 angle) difference between the two buses. There

could be a case where an external event might mislead the algorithm to take a false decision. To
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avoid such cases and provide more security to the scheme, the algorithm will monitor the
positive sequence current magnitudes to properly identify the switching event between the buses
of interest. This current based condition can be used as arming logic before allowing the
algorithm to declare open line condition. In one specific embodiment, the arming logic may
compare a positive sequence current to a threshold. The threshold may be selected to be equal to
or greater than a minimum charging current of the line. In other embodiments, the arming logic
may calculate power ratios between parallel transmission lines, and may selectively enable the
algorithm based on changes in the monitored current ratio.

[0020] Also, since the algorithm assumes parallel transmission lines with same line
impedances, the currents measured at cach end can be used to alarm for an open line condition
using current ratios. A change in current ratio between parallel transmission lines (with same
impedance) can only occur when one of the lines is taken out-of-service. This type of open line
detection alarming may help operators of the electric power transmission system to identify
transmission lines that have been taken out-of-service.

[0021] In some embodiments a dynamically adjustable threshold-based approach may be
used. In such embodiments, a dynamically adaptable threshold may be used to satisfy an
arbitrary time requirement open line detection. In such embodiments, the dynamic adjustment
of a threshold may be based on the rate of change of angle difference or the rate of change of
power flow. As long as this rate of change is within a specified range, the threshold may be
moved proportionally to the increase in angle difference. If the rate of change exceeds the
prescribed threshold, the angle difference threshold may remain static and may issue an open
line declaration. In various embodiments, a standing angle difference may be measured and a
constant margin above this level may be used as a detection threshold as long as the rate of
change remains within an acceptable range.

[0022] Modern automation, electric power transmission, and distribution systems typically
include intelligent electronic devices (“IEDs”) for protection, control, automation, and/or
monitoring of equipment in the system. IEDs may be used to monitor equipment of many types,
including electric transmission lines, electric distribution lines, current transformers, buses,
switches, circuit breakers, reclosers, transformers, autotransformers, tap changers, voltage
regulators, capacitor banks, generators, motors, pumps, compressors, valves, and a variety of
other types of monitored equipment. In various embodiments consistent with the present
disclosure, IEDs may be used in connection with the systems and methods disclosed herein.
[0023] Reference throughout this specification to “one embodiment” or “an embodiment”

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

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

[0025] Some of the infrastructure that can be used with embodiments disclosed herein are
already available, such as: general-purpose computers, computer programming tools and
techniques, digital storage media, and optical networks. A computer may include a processor
such as a microprocessor, microcontroller, logic circuitry, or the like. The processor may
include a special purpose processing device such as an ASIC, PAL, PLA, PLD, Field
Programmable Gate Array, or other customized or programmable device. The computer may
also include a computer readable storage device such as: non-volatile memory, static RAM,
dynamic RAM, ROM, CD-ROM, disk, tape, magnetic, optical, flash memory, or other computer
readable storage medium.

[0026] The described features, operations, or characteristics may be combined in any
suitable manner in one or more embodiments. It will also be readily understood that the order of
the steps or actions of the methods described in connection with the embodiments disclosed
herein may be changed, as would be apparent to those skilled in the art. Thus, any order in the
drawings or detailed description is for illustrative purposes only and is not meant to imply a
required order, unless specified to require an order.

[0027] In the following description, numerous details are provided to give a thorough
understanding of various embodiments. One skilled in the relevant art will recognize, however,
that the embodiments disclosed herein can be practiced without one or more of the specific
details, or with other methods, components, materials, etc. In other instances, well-known
structures, materials, or operations are not shown or described in detail to avoid obscuring
aspects of this disclosure.

[0028] Figure 1 illustrates an example of an embodiment of a simplified one-line diagram of
an electric power delivery system 100 with parallel transmission lines 110a, 110b consistent

with embodiments of the present disclosure. Electric power delivery system 100 may be
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configured to generate, transmit, and distribute electric energy to loads. Electric power delivery
systems may include equipment, such as electric generators (e.g., generators 102a, 102b), power
transformers (e.g., transformers 104a, 104b), transmission lines (e.g., lines 110a, 110b), circuit
breakers (e.g., breakers 118a, 118b and 120a, 120b), busses (e.g., busses 106a, 106b) and the
like. A variety of other types of equipment may also be included in electric power delivery
system 100, such as voltage regulators, capacitor banks, loads, and a variety of other types of
equipment that are not specifically illustrated.

[0029] Electric power delivery system 100 may be monitored, controlled, automated, and/or
protected using intelligent electronic devices (IEDs) 112a, 112b. As used herein, an IED (such
as IEDs 112a, 112b) may refer to any microprocessor-based device that monitors, controls,
automates, and/or protects monitored equipment within system 100. Such devices may include,
for example, remote terminal units, differential relays, distance relays, directional relays, feeder
relays, overcurrent relays, voltage regulator controls, voltage relays, breaker failure relays,
generator relays, motor relays, automation controllers, bay controllers, meters, recloser controls,
communications processors, computing platforms, programmable logic controllers (PLCs),
programmable automation controllers, input and output modules, and the like. The term IED
may be used to describe an individual IED or a system comprising multiple IEDs.

[0030] IEDs 112a, 112b may communicate over various media such as a direct
communication link 114 or over a wide-area communications network (not shown).
Communication link 114 may be facilitated by networking devices including, but not limited to,
multiplexers, routers, hubs, gateways, firewalls, and switches. In some embodiments, IEDs and
network devices may comprise physically distinct devices. In other embodiments, IEDs and
network devices may be composite devices, or may be configured in a variety of ways to
perform overlapping functions. IEDs and network devices may comprise multi-function
hardware (e.g., processors, computer-readable storage media, communications interfaces, etc.)
that can be utilized in order to perform a variety of tasks that pertain to network communications
and/or to operation of equipment within system 100.

[0031] A common time signal may be distributed throughout system 100. The time signal
may be generated by multiple independent time sources, 124a, 124b, 124c or may be generated
using a single time source. Time sources 124a, 124b, 124¢ may ensure that IEDs 112a, 112b
have a synchronized time signal that can be used to generate time synchronized data, such as
synchrophasors. The time signal may be distributed in system 100 using a communications

network or using a universal time source, such as a global navigation satellite system, or the like.
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[0032] IEDs 112a, 112b may monitor currents in transmission line 110a using current
transformers 122a, 122b, respectively; and IEDs 112a, 112b may monitor currents in
transmission line 110b using current transformers 116a, 116b. 1EDs 112a, 112b may utilize
voltage transformers 108a, 108b to monitor voltages on busses 106a, 106b. Consistent with
various embodiments of the present disclosure, the voltages and/or currents may be analyzed to
determine the status of the transmission lines 110a, 110b using various algorithms described
herein. Further, the voltages and/or currents may be communicated via communication link 114
for analysis from both sides of transmission lines 110a, 110b. In the event of a loss of
communication between IEDs 112a, 112b, analysis may be limited to locally available
information gather by either IED 112a or IED 112b.
[0033] When one of the transmission lines 110a, 110b is removed from service, an angle
difference between buses 106a, 106b may change. As described in greater detail below, the
angle difference between the buses may initially spike when one of the transmission lines 110a,
110b is taken out-of-service. Following the initial spike, the angle difference may oscillate until
settling at a new steady state value. Analysis of change in the angle may provide an indication
that one of the transmission lines 110a, 110b has been taken out-of-service. In electric power
transmission systems having two or more parallel transmission lines, analysis of the initial spike
may be utilized to determine how many lines have been taken out-of-service between the two
buses. When a loss of communication prevents transmission of data between IEDs 112a, 112b, a
determination that one of transmission lines 110a, 110b has been taken out of service may be
based on a change in the ratio of the current flowing in the one transmission line to the current
flowing in the other transmission line.
[0034] The total real power transfer across the two parallel transmission lines can be
represented mathematically using Eq. 1.

o Vsl * Vil * sin(8s = 8r)

JXL

Eq. 1

Where:
P is the power transmission value;
Vs is the voltage at the source terminal;
Vr is the voltage at the remote terminal;
8s 18 ;
8g 1S ; and,

X1, 18 the line reactance.
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For a fixed power transmission value (P) and assuming that the transmission lines 110a, 110b
have the same impedance, if one parallel transmission line is taken out-of-service, the line
reactance jX; is doubled (assuming both the parallel lines have the same impedance).
Accordingly, the angle must double to maintain the same power value.
[0035] Figure 2 illustrates a plot 200 over time of an angle difference between the buses
106a, 106b in Figure 1, before and after a transmission line is taken out-of-service consistent
with embodiments of the present disclosure. The characterization and tracking of an initial jump
202 following the loss of a transmission line at time 206 may be performed by measuring the
rate of change of angle difference in a short time following the loss of a parallel transmission
line. Once the initial jump 202 occurs in the angle difference, the angle difference may continue
to increase at a reduced rate of change 204. Determining a continuing rise in the angle
difference 204 may help to filter out transients in angle difference measurement. In one specific
embodiment, the initial jump may be characterized by a very high rate of change of angle (or
power flow). In one embodiment, the power flow may be in upwards/positive direction. For
continuing rise, the rate of change of angle (or power flow) is greater than zero but the rate itself
is much smaller than the rate that we use to identify the initial spike. For example, the initial
jump rate of change may exceed 300 degrees per second and the continuing rate of change may
exceed 20 degrees per second. After reaching a maximum value, a period of oscillations 208
may follow before the oscillations settle to a new steady state value 210.
[0036] The angle difference before the start of the second rate of change 204 along with the
angle difference prior to the loss of the transmission line at time 206 can be used to calculate an
angle difference ratio. The angle difference ratio, Ag, is defined in Eq. 2.

Final value of Angle dif f.jump immediately after the event
R =

Angle dif f.before the event Eq.2

When the rate of change of the angle difference changes, the angle difference before and after
the event may be determined. A power ratio, Py, which is defined in Eq. 3, may then be
determined based on the net power flow between the two buses before and after the event.

Pg Eq. 3

Net Power flow between the two buses before the event

~ Net Power Flow between the two buses immediately after the event
With the angle difference ratio and the real power ratio, the number of parallel lines taken out-

of-service may be determined. More specifically, the power ratio multiplied by the angle
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difference ratio provides an indication of the change in the equivalent impedance as a result of
the loss of one or more transmission lines. This relationship is set forth in Eq. 4.

|Pg * Agll = Number of Lines Lost Eq. 4
The result of Eq. 4 is an integer, since the number of transmission lines lost is an integer.
[0037] Figure 3A illustrates a one-line diagram of an electric power delivery system 300
with two transmission lines 304, 306 disposed between three transmission buses 308, 310, 312
consistent with embodiments of the present disclosure. An equivalent source 302 is configured
to generate a flow of electric current through transmission lines 304, 306 to be absorbed by
another equivalent source 314. Electric power delivery system 300 is a radial system with only
one physical connection between bus 1 and bus 3 (i.e., serial transmission lines 304 and 306). In
a radial system, such as electric power delivery system 300, if one of the transmission lines is
open, the current flow through the remaining lines become zero and it may be difficult to detect
open line conditions for each of the transmission lines. These difficulties, however, may be
overcome using the systems and methods disclosed herein.
[0038] Figure 3B illustrates a graph showing a plot of an angle 316 equal to a difference
between a first transmission bus 308 and the second transmission bus 310 in the electric power
delivery system 300 before and after transmission line 304 is taken out-of-service at time 314.
The angle difference wraps between -180° and 180°. The result indicates that two islands have
formed and the power system has physically split into two segments.
[0039] Figure 3C illustrates a graph over time showing an angle 318 equal to a difference
between the second transmission bus 310 and the third transmission bus 312 in the one-line
diagram shown in Figure 3A before and after the transmission line 304 is taken out-of-service.
As illustrated in Figure 3C, the power across transmission line 306 becomes zero at time 316 as
a result of transmission line 304 being taken out-of-service. Typical low power/low current
based detection schemes may fail under such a scenario for open line detection.
[0040] Figure 4A illustrates a one-line diagram of an electric power delivery system 400
with multiple connection paths disposed between three transmission buses 408, 410, 412
consistent with embodiments of the present disclosure. Generators 402, 404, 406 are configured
to generate a flow of electric current through transmission lines 414, 416, 418, 420. Electric
power delivery system 400 is configured such that power may be delivered to transmission
buses 408, 410, 412 when one of transmission lines 414, 416, 418, 420 is out-of-service.
[0041] Figure 4B illustrates a graph showing a plot of an angle 426 equal to a difference
between the first transmission bus 408 and the second transmission bus 410 in the electric power

delivery system 400 before and after transmission line 414 is taken out-of-service at time 424,
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The angle 426 increases because power is rerouted as a result of transmission line 414 being
taken out-of service. The transmission of rerouted power through other connections in electric
power delivery system 400 is going through a larger impedance. As described above, the
increase in the angle may be proportional to the increase in the impedance resulting from
transmission line 414 being taken out-of-service.

[0042] Figure 4C illustrates a graph over time showing an angle 428 equal to a difference
between the second transmission bus 410 and the third transmission bus 412 in the electric
power delivery system shown in Figure 4A before and after the transmission line between the
second 410 and third 412 transmission buses is taken out-of-service. As illustrated in Figure
4C, the power across transmission line 416 becomes zero at time 424. The topography of
electric power delivery system 400, together with the results shown in Figure 4B and Figure 4C
may be used to determine that transmission line 414 was taken out-of-service.

[0043] Figure 5 illustrates a flow chart of a method 500 for establishing a dynamically
adjustable threshold for detecting loss of a parallel transmission line based on a standing angle
difference between two buses consistent with embodiments of the present disclosure. At 502,
electric parameter measurements associated with the first location may be received. Similarly, at
504, electric parameter measurements associated with a second location may be received. In
various embodiments, the electric parameter measurements may comprise voltage
measurements, current measurements, angle measurements, power transfer measurements, etc.
In some embodiments, two IEDs may be configured to acquire the electric parameter
measurements at different locations in an electric power transmission system, and the
measurements may be communicated using a data communication network. An exemplary
configuration illustrating such a configuration is provided in Figure 1 and described above. A
standing angle difference may be determined between two buses in an electric power
transmission system. The standing angle difference may be a reflection of the amount of power
transferred between the two buses. Accordingly, as the power transferred between the two buses
increases, the standing angle difference may also increase. Similarly, as the power decreases, the
standing angle difference may decrease. Although method 500 refers specifically to a standing
angle difference between buses, one of skill in the art will recognize that method 500 may be
adapted for use in connection with other parameters.

[0044] At 506, the electric parameter measurements may be associated with time stamps.
The time stamps may be generated by a receiving device or by a device configured to acquire
the measurements. As described below, in connection with Figure 7, certain IEDs may include

a sensor component configured to generate time-stamped measurements of various electric
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parameters. Further, such IEDs may be configured to communicate such measurements with
other devices to perform the various elements associated with method 500.

[0045] At 508, a maximum angle difference and rate of change of angle difference
thresholds may be established that is suitable to maintain system stability. In other
embodiments, the thresholds may be determined in other ways. Further, at 510, an initial angle
difference threshold value may be established. In some embodiments, the threshold may depend
on the time constrains needed to maintain transient stability in an electric power transmission
system. As described below, the threshold value may be compared to the standing angle
difference to determine whether an open line condition should be declared. An acceptable rate
of change range may be established for the standing angle difference between the buses. The
acceptable rate of change range may be determined by performing an analysis of a particular
system. For example, a particular system may be analyzed to determine a rate of change during
normal loading and unloading conditions. Based upon the rate of change during normal
conditions, a threshold may be established that substantially exceeds the greatest rate of change
during normal conditions. For example, the threshold may be set at two orders of magnitude
higher than the rate of change experienced during normal conditions.

[0046] At 512, method 500 may determine whether a change in the electric parameter
measurements is detected. In various embodiments, the electric parameter may be a standing
angle difference between two parallel transmission lines. Determination of the standing angle
difference may be performed using synchrophasors or other time-aligned data. The rate of
change, in some embodiments, may be determined by comparing a current value to prior value.
In other embodiments, the rate of change may be determined with reference to some number of
prior samples. If no change is detected, method 500 may return to 502. If a change is detected,
the change may be analyzed to determine whether the change is indicative of loss of at least one
or more transmission lines.

[0047] At 514, method 500 may determine if the change does indicate loss of at least one or
more transmission lines. If not, at 522, method 500 may determine if any change to a
dynamically adjusting angle difference threshold is required. If so, the angle difference threshold
is adjusted at 518, and the method returns to 510. If changes to the angle difference threshold
are not required at 522, method 500 may return to 508.

[0048] If method 500 determines at 514 that the change in electrical parameter
measurements are indicative of a loss of a transmission line, an open line condition may be
declared at 516. In some embodiments, open line declaration may result in initiating a remedial

action scheme (“RAS”) at 520. The RAS may, for example, selectively disconnect or trip load
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or other components of the electric power transmission system to preserve system stability.
Further, the RAS may include reconfiguring the electric power transmission system to re-route
electric power around a transmission line that has been taken out-of-service. In still other
embodiments, the remedial action may include initiating an alarm condition that notifies
operators of the electric power transmission system of the open line condition. In various
embodiments, determination of the standing angle may be performed using synchrophasors or
other time-aligned data. The rate of change, in some embodiments, may be determined by
comparing a current value to prior value. In other embodiments, the rate of change may be
determined with reference to some number of prior samples.
[0049] The following example illustrates one embodiment of a dynamically adjustable
threshold-based system consistent with the present disclosure. In the system, a standing angle
difference of 2 degrees between two parallel transmission lines correspond to 900 MW of
typical power transfer at 400 kV. In the system, power transfer may range anywhere between 0
to 2000 MW. A power transfer of 1800 MW in the system would result in a standing angle
difference of 4 degrees (assuming there were no change in impedance and no significant change
in voltage magnitudes). To satisfy stability constraints a tripping scheme must operate in less
than 100 milliseconds. A field test measured that a synchrophasor-based angle difference
clement set to 4 degrees has operated in 92 milliseconds whereas an angle difference element set
to 5 degrees for the same event has operated in 292 milliseconds.
[0050] Based on the parameters of the example set forth in the preceding paragraph, a
threshold of 4 degrees cannot be used as it is within the range of typical power flow over that
network and a threshold of 5 degrees cannot guarantee the system stability because the element
would operate too slowly. Accordingly, a system consistent with the present disclosure may
establish a dynamically adjustable threshold. For a power flow of 900 MW, the angle difference
tripping element may dynamically set the threshold to be 4 degrees. As the power flow
gradually increases to 1800 MW, the angle difference threshold will be gradually moved from
its current threshold maintaining the same ratio between the angle difference and the power
transfer.
[0051] Figure 6 illustrates a flow chart of a method 600 for detecting loss of a transmission
line based on a measured electric parameter and without reference to any detection threshold.
At 602, electric parameter measurements associated with a first location may be received.
Similarly, at 604, electric parameter measurements associated with a second location may be
received. In various embodiments, the electric parameter measurements may comprise voltage

measurements, current measurements, angle measurements, power transfer measurements, etc.
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In some embodiments, two IEDs may be configured to acquire the electric parameter
measurements at different locations in an electric power transmission system, and the
measurements may be communicated using a data communication network. An exemplary
configuration illustrating such a configuration is provided in Figure 1 and described above.
[0052] At 606, the electric parameter measurements may be associated with time stamps.
The time stamps may be generated by a receiving device or by a device configured to acquire
the measurements. As described below, in connection with Figure 7, certain IEDs may include
a sensor component configured to generate time-stamped measurements of various electric
parameters. Further, such IEDs may be configured to communicate such measurements with
other devices to perform the various elements associated with method 600.
[0053] At 608, method 600 may determine whether a change in the electric parameter
measurements is detected. If no change is detected, method 600 may return to 602. If a change
is detected, the change may be analyzed to determine whether the change is indicative of a loss
of one or more transmission lines. As discussed above in connection with Figure 2, an initial
jump in a standing angle difference between two points in an electric transmission system
followed by a continued rise in the standing angle difference may be an indication that a
transmission line has been taken out-of-service. On the other hand, however, as described in
connection with Figure 5, where a rate of change in the electrical parameters is relatively small,
the change may simply reflect changing conditions within the loading/unloading conditions of
the electric power transmission system.
[0054] When method 600 determines that the change in electrical parameters is indicative of
the loss of a transmission line at 609, the number of transmission lines taken out-of-service and
which specific transmission lines were taken out-of-service may be determined at 610. As
described above, Eqgs. 1-4 may be solved to determine the number of lines taken out-of-service.
Further, as described in connection with Figures 3A-3C and Figures 4A-4C the response of the
electric power transmission system and the topography of the system may be analyzed to
identify the specific transmission lines that were taken out-of-service. If the change in electrical
parameters is not indicative of the loss of a transmission line at 609, method 600 may return to
602.
[0055] At 612, open line condition may be declared and remedial action may be initiated at
614. In some embodiments, open line declaration may result in initiating a RAS controller that
selectively disconnects loads or other components of the electric power transmission system to
preserve system stability. Further, remedial action may include reconfiguring the electric power

transmission system to re-route electric power around a transmission line that has been taken
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out-of-service. In still other embodiments, the remedial action may include initiating an alarm
condition that notifies operators of the electric power transmission system.

[0056] Figure 7 illustrates a function block diagram of an IED 700 configured to detect loss
of transmission lines in electric power transmission systems consistent with embodiments of the
present disclosure. IED 700 may be configured to perform a variety of tasks using a
configurable combination of hardware, software, firmware, and/or any combination thereof.
The subsystems illustrated in Figure 7 may be embodied as hardware using, for example,
embedded systems, field programmable gate array implementations, and specifically designed
integrated circuits. The subsystems illustrated in Figure 7 may also be embodied using a
combination of hardware and software. More specifically, a general purpose processor and a
plurality of software modules may be configured to perform the various features and functions
described herein. Moreover, certain components or functions described herein may be
associated with other devices or performed by other devices. The specifically illustrated
configuration is merely representative of one embodiment consistent with the present disclosure.
[0057] IED 700 includes a network communications interface 716 configured to
communicate with other IEDs and/or system devices. In certain embodiments, the network
communications interface 716 may facilitate direct communication with another IED or
communicate with another IED over a communications network. The network communications
interface 716 may facilitate communications with multiple IEDs. IED 700 may further include a
time input 712, which may be used to receive a time signal allowing IED 700 to apply a time-
stamp to the acquired samples. In certain embodiments, a common time reference may be
received via communications interface 716, 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 708 may be configured to
receive status information from, and issue control instructions to, a piece of monitored
equipment. Such equipment may include, for example, breakers, reclosers, or other devices
configured to selectively connect or disconnect a portion of an electric power transmission
System.

[0058] A local communication interface 706 may also be provided for local communication
with IED 700. The local communication interface 706 may be embodied in a variety of ways,
including as a serial port, a parallel port, a Universal Serial Bus (USB) port, an IEEE 1394 Port,
and the like.

[0059] In certain embodiments, IED 700 may include a sensor component 710. In the

illustrated embodiment, sensor component 710 is configured to gather data directly from a
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plurality of conductors 714a-c and may use, for example, A/D converters 718 that may sample
and/or digitize filtered waveforms to form corresponding digitized current and voltage signals
provided to data bus 722. Conductors 714a-c may be electrically connected to an electric power
transmission system. In some embodiments transformers (not shown) may reduce the voltage or
current to a level appropriate for monitoring using the IED 700. A/D converters 718 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 718 may be connected to processor 724 by way of data bus 722,
through which representations of electric parameters determined by sensor elements 702a-c may
be transmitted to processor 724. In various embodiments, the representations of electric
parameters may represent parameters, such as currents, voltages, frequencies, phases, and other
parameters associated with an electric power transmission system. Sensor elements 702a-c may
represent a variety of types of elements, such as voltage transformers, current transformers,
status inputs, a breaker controller, etc.

[0060] Processor 724 may be configured to process communications received via
communications interface 716, time input 712, monitored equipment interface 708, and/or
sensor component 710. Processor 724 may operate using any number of processing rates and
architectures. Processor 724 may be configured to perform various algorithms and calculations
described herein. Processor 724 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.

[0061] An clectric parameter monitoring subsystem 738 may be configured to monitor
specified electric parameters and to determine whether a change in the electric monitored
parameters is detected. In various embodiments, the electric parameters may be received
directly from sensor component 710. In other embodiments, the parameters may be received via
the network communication interface 716, the monitored equipment interface 708 or the local
communication interface 706.

[0062] When a change is detected by the electric parameter monitoring subsystem 738, the
analysis subsystem 730 may be configured to analyze the changes to determine whether the
changes indicate that one or more transmission lines have been taken out-of-service. In one
specific embodiment, analysis subsystem 730 may be configured to solve Eqs. 1-4 to determine
a number of lines taken out-of-service. Further, as described in connection with Figures 3A-3C
and Figures 4A-4C the response of the electric power transmission system and the topography

of the system may be analyzed to identify the specific transmission lines that were taken out-of-
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service. Topography subsystem 734 may be configured to provide information relating to the
topography of an electric power transmission system to aid in the determination of which
transmission line has been taken out-of-service.

[0063] A remedial action subsystem 732 may be configured to implement one or more
actions in response to a determination that one or more transmission lines have been taken out-
of-service. Specifically, remedial action subsystem 732 may be configured to selectively
disconnect loads or other components of the electric power transmission system to preserve
system stability. Further, remedial action subsystem 732 may, in conjunction with topography
subsystem 734, reconfigure the electric power and transmission system to re-route electrical
power around a transmission line that has been taken out-of-service. In still other embodiments,
remedial action subsystem 732 may initiate an alarm that notifies operators of the electric power
transmission system that a transmission line has been taken out-of-service.

[0064] A threshold adjustment subsystem 736 may be configured to establish and adjust a
dynamic threshold that may be used for detecting loss of a transmission line. In one specific
embodiment, threshold adjustment subsystem 736 may be configured to implement the specific
method illustrated in Figure S and described in detail above.

[0065] The above description provides numerous specific details for a thorough
understanding of the embodiments described herein. However, those of skill in the art will
recognize that one or more of the specific details may be omitted, or other methods,
components, or materials may be used. In some cases, operations are not shown or described in
detail.

[0066] While specific embodiments and applications of the disclosure have been illustrated
and described, it is to be understood that the disclosure is not limited to the precise configuration
and components disclosed herein. Various modifications, changes, and variations apparent to
those of skill in the art may be made in the arrangement, operation, and details of the methods

and systems of the disclosure without departing from the spirit and scope of the disclosure.
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What is claimed:
1. A system configured to determine loss of at least one electric power transmission
line in an electric power transmission system, the system comprising:
an electrical parameter monitoring subsystem configured to:
receive a first plurality of electrical parameter measurements taken at a first
location over a period of time;
receive a second plurality of electrical parameter measurements taken at a second
location over the period of time; and
determine a change in the first plurality of electrical measurements and the
second plurality of electrical measurements over the period of time;
an analysis subsystem configured to determine that the change is indicative of loss of at
least one transmission line and to calculate a number of transmission lines lost based on the
change; and
a remedial action subsystem configured to implement a remedial action in response to

loss of at least one transmission line.

2. The system of claim 1, wherein the analysis subsystem is further configured to:
calculate an angle difference ratio;

calculate a power ratio; and

calculate the number of transmission lines by calculating a product of the angle

difference ratio and the power ratio.

3. The system of claim 1, wherein analysis subsystem is further configured to:

identify an initial increase in at least one of the first plurality of electrical parameter
measurements and the second plurality of electrical parameter measurements; and

identify a continuing increase following the initial increase at a reduced rate of change to

determine that the change is indicative of loss of at least one transmission line.

4. The system of claim 1, wherein the analysis subsystem is configured to determine
that the change is indicative of loss of at least one transmission line without reference to a static

threshold.

5. The system of claim 1, wherein the electrical parameter monitoring subsystem is

further configured to:
17



10

15

20

25

30

WO 2016/048832 PCT/US2015/050977

measure a first current flowing in a first transmission line;
measure a second current flowing in a second transmission line with an impedance that is
approximately equal of an impedance of the first transmission line; and

identify a change in a ratio of the first current to the second current.

6. The system of claim 5, wherein the analysis subsystem is further configured to
initiate a second remedial action based on loss of communication with the second location and

based on the change in the ratio of the first current to the second current.

7. The system of claim 1, further comprising a communication interface configured
to receive at least one of the first plurality of electrical parameter measurements and the second

plurality of electrical parameter measurements.

8. The system of claim 1, further comprising a sensor component configured to
measure at least one of the first plurality of electrical parameter measurements and the second

plurality of electrical parameter measurements.

9. The system of claim 8, further comprising a time input configured to receive a
time signal and wherein each of the plurality of electric parameter measurements made by the

sensor component is associated with a time-stamp.

10. A method of determining loss of at least one electric power transmission line in
an electric power transmission system, the method comprising:

receiving a first plurality of electrical parameter measurements taken at a first location
over a period of time;

receiving a second plurality of electrical parameter measurements taken at a second
location over the period of time;

determining a change in the first plurality of electrical measurements and the second
plurality of electrical measurements over the period of time;

determining that the change is indicative of loss of at least one transmission line;

calculating a number of transmission lines lost based on the change; and

declaring open line condition; and

initiating a first remedial action.
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11.  The method of claim 10, wherein determining that the change is indicative of loss
of at least one transmission line comprises:

calculating an angle difference ratio;

calculating a power ratio; and

wherein calculating the number of transmission lines lost comprises calculating a product

of the angle difference ratio and the power ratio.

12.  The method of claim 10, wherein determining that the change is indicative of loss
of at least one transmission line comprises:

identifying an initial increase in at least one of the first plurality of electrical parameter
measurements and the second plurality of electrical parameter measurements;

identifying a continuing increase following the initial increase at a reduced rate of

change.

13.  The method of claim 10, further comprising:
identifying a specific transmission line lost by analyzing the first plurality of electrical
parameter measurements, the second plurality of electrical parameter measurements, and the

topography of the electric power transmission system.

14.  The method of claim 10, wherein determining that the change is indicative of loss

of at least one transmission line is performed without reference to a static threshold.

15.  The method of claim 10, wherein determining that the change is indicative of loss
of at least one transmission line comprises:

measuring a first current flowing in a first transmission line;

measuring a second current flowing in a second transmission line having an impedance
that is approximately equal of an impedance of the first transmission line; and

identifying a change in a ratio of the first current to the second current.

16.  The method of claim 15, further comprising:
losing communication with the second location;
initiating a second remedial action based on the change in the ratio of the first current to

the second current.
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17. A system configured to determine a status of an electric power transmission line
in an electric power transmission system, the system comprising:

an electrical parameter monitoring subsystem configured to:

receive a first plurality of electrical parameter measurements taken at a first
location over a first period of time;

receive a second plurality of electrical parameter measurements taken at a second
location over the first period of time;

establish at least one rate of change of angle difference threshold and one angle
difference threshold;
a threshold adjustment subsystem configured to:

determine a first rate of change based on the first plurality of electrical
measurements and the second plurality of electrical measurements over the first period of
time;

determine that the first rate of change is within the at least one rate of change
threshold;

dynamically adjust the angle difference threshold based on the first rate of
change;
an analysis subsystem configured to determine that the electric power transmission line

18 in-service.

18.  The system of claim 17, wherein the at least one electrical parameter threshold
comprises one of a standing angle difference between two points in the electric power
transmission system, and a power transfer value between two points in the electric power

transmission system.

19.  The system of claim 18, wherein the two points comprise transmission buses in

the electric power transmission system separated by the electric power transmission line.

20.  The system of claim 17, wherein:
the electrical parameter monitoring subsystem is further configured to receive a third
plurality of electrical parameter measurements taken at the first location and a fourth plurality of

electrical parameter measurements taken at the second location over a second period of time;
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the threshold adjustment subsystem is further configured to determine a second rate of
change based on the third plurality of electrical measurements and the fourth plurality of
electrical measurements over the second period of time;

the analysis subsystem is further configured to determine that the second rate of change
is outside of the at least one rate of change threshold; and

the system further comprises a remedial action subsystem configured to initiate a
remedial action based on the determination that the second rate of change is outside of the at

least one rate of change threshold.

21.  The system of claim 17, wherein the threshold adjustment subsystem is further
configured to establish a margin value preserve transient stability and to compare the margin

value to the first rate of change.

22. A method of determining a status of an electric power transmission line in an
electric power transmission system, the method comprising:

establishing a threshold value of an electric parameter;

establishing a margin value suitable to maintain stability of the electric power
transmission system;

establishing an acceptable rate of change range of the electric parameter;

determining a first present value of the electric parameter associated with an electric
transmission line;

determining a first rate of change of the electric parameter associated with the electric
transmission line;

determining that the first rate of change is within the acceptable rate of change range;

determining that the first present value of the electric parameter is below the sum of the
threshold value of the electric parameter and the margin value;

dynamically adjusting the threshold value based on the present value of the electric
parameter; and

determining that an electric power transmission line is in-service.
23. The method of claim 22, wherein the initial threshold value comprises one of a

standing angle difference between two points in the electric power transmission system, and a

power transfer value between two points in the electric power transmission system.
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24.  The method of claim 23, wherein the two points comprise transmission buses in

the electric power transmission system separated by the electric power transmission line.

25.  The method of claim 22, further comprising:

determining a second present value of the electric parameter;

determining a second rate of change of the electric parameter;

determining that the second rate of change is outside of the acceptable rate of change
range;

initiating a remedial action.

26.  The method of claim 22, further comprising:

determining a second present value of the electric parameter;

determining that the second present value of the electric parameter exceeds the sum of
the threshold value of the electric parameter and the margin value; and

determining that the electric power transmission line is out-of-service.

27.  The method of claim 22, wherein the margin value is established to preserve

transient stability.
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1-16

Remark on Protest D The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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-***-Continued from Box llI: Observations where unity of invention is lacking-***-

This application contains the following inventions or groups of inventions which are not so linked as to form a single general inventive
concept under PCT Rule 13.1. In order for all inventions to be examined, the appropriate additional examination fee must be paid.

Group I: Claims 1-16 are directed toward at least one electric power transmission line in an electric power transmission system; an
electrical parameter monitoring subsystem configured to: receive a first plurality of electrical parameter measurements taken at a first
location over a period of time; receive a second plurality of electrical parameter measurements taken at a second location over the
period of time; and determine a change in the first plurality of electrical measurements and the second plurality of electrical
measurements over the period of time; an analysis subsystem, determining that the change is indicative of loss of at least one
transmission line; calculating a number of transmission lines lost based on the changs; a remedial action subsystem configured to
implement a remedial action in response to loss of at least one transmission line.

Group II: Claims 17-27 are directed toward an electric power transmission line in an electric power transmission system; an electrical’
parameter monitoring subsystem configured to: receive a first plurality of electrical parameter measurements taken at a first location over
a first period of time; receive a second plurality of electrical parameter measurements taken at a second location over the first period of
time; a rate of change angle difference threshold, an angle difference threshold, a threshold adjustment subsystem, a rate of change
based on the of the first and second plurality of measurements, at least one rate of change threshold, a margin value, and an analysis
subsystem to determine that the electrical power transmission line is in-service.

The inventions listed as Groups |-l do not relate to a single inventive concept under PCT Rule 13.1 because, under PCT Rule 13.2, they
lack the same or corresponding special technical features. ’

Group | has at least calculating a number of transmission lines lost based on the change of the first and second plurality of parameter
measurements and a remedial action subsystem configured to implement a remedial action in response to loss of at least one
transmission line, that Group 1! does not have. Group |1 has at least a rate of change angle difference threshold, an angle difference
threshold, a threshold adjustment subsystem, at least one rate of change threshold, and a margin value that Group | does not have.

The common technical features of Groups | and Il are at least: at least one electric power transmission line in an electric power
transmission system; an electrical parameter monitoring subsystem configured to: receive a first plurality of electrical parameter
measurements taken at a first location over a period of time; receive a second plurality of electrical parameter measurements taken at a
second location over the period of time, a raté of change based on the of the first and second plurality of electrical parameter
measurements, an analysis subsystem for determining that the electrical power transmission line is in-service.

The common technical featurés are disclosed by US 2011/0082654 A1 to Dickens, R, (hereinafter “Dickens”). Dickens discloses at least
one electric power transmission line in an electric power transmission system (AC electric power transmission lines 20 in a power
transmission system 10; figures 3-4; paragraphs [0025], [0034]); an electrical parameter monitoring subsystem configured to: receive a
first plurality of electrical parameter measurements taken at a first location over a period of time (monitors 32 and 42 are for monitoring
an electrical parameter such as phasors receives multiple measurement(plurality of electrical parameter measurements) taken at node A
at a first location over a time period; figures 3-4; paragraphs [0029], [0031], [0034], {0039)); receive a second plurality of electrical
parameter measurements taken at a second location over the period of time (and for receiving a second set of parameter measurements
taken at node B at a second location over the time period; figures 3-4; paragraphs [0029], [0031], (0034], [0039]); determining a rate of
change based on the of the first and second plurality of electrical parameter measurements (determining change rate parameter such as
phasor S based on the first and second parameter measurements; figure 3; paragraphs [0031], [0037-0038])), an analysis subsystem for
determining that the electrical power transmission line is in-service (controllers 36 and 46 (analysis subsystem) determine if a
transmission line has no faults (is in-service) based on stability and phase differences between nodes A and B; figure 3; paragraphs
[0029-0030), [0043])).

Since the common technical feature is previously disclosed by the Dickens reference, these common features are not special and so
Groups | and [l lack unity.
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