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(57) Abstract: Disclosed is state trajectory prediction in an electric power delivery system. Electric power delivery system informa-
tion is calculated from measurements by intelligent electronic devices (IEDs), and communicated to a state trajectory prediction sys -
tem. The state trajectory prediction system may be configured to generate a load prediction profile. The load prediction profile may
provide a predicted response of a load at a future time. Further, the state trajectory prediction system may be contigured to generate a
generator prediction profile that provides a predicted response of a generator at a future time. The state trajectory prediction system
may generate a state trajectory prediction based, at least in part, on the load prediction profile and the generator prediction profile.
The state trajectory prediction may represent a future state of the electric power delivery system.



WO 2014/134164 PCT/US2014/018666

STATE TRAJECTORY PREDICTION IN AN
ELECTRIC POWER DELIVERY SYSTEM

Technical Field

[0001] This disclosure relates to state trajectory prediction and display in an electric
power delivery 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 is a simplified one-line diagram of an electric power delivery system
consistent with embodiments of the present disclosure.

[0004] Figure 2 illustrates a screen capture of a system that may be configured to
generate a state trajectory prediction consistent with embodiments of the present
disclosure.

[0005] Figure 3 illustrates a display including a state trajectory prediction consistent
with embodiments of the present disclosure.

[0006] Figure 4 illustrates a flow chart of a method for generating a state trajectory
prediction of an electric power delivery system consistent with embodiments of the
present disclosure.

[0007] Figure 5 illustrates a functional block diagram of a system configured to
generate a state trajectory prediction consistent with embodiments of the present
disclosure.

[0008] Figure 6 illustrates a screen capture showing a display of a parameter over a
period of time extending into the future and associated with a confidence interval
consistent with embodiments of the present disclosure.

[0009] Figures 7A-7C illustrate a series of images taken from a display of a state
trajectory system configured to illustrate a faster-than-real-time illustration of a
predicted state consistent with embodiments of the present disclosure.

Detailed Description

[0010] The embodiments of the disclosure will be best understood by reference to the
drawings. 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
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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 do the steps need be executed only once, unless otherwise specified.
[0011] In some cases, well-known features, structures, or operations are not shown or
described in detail. Furthermore, the described features, structures, or operations may
be combined in any suitable manner in one or more embodiments. For example,

throughout this specification, any reference to “one embodiment,” “an embodiment,” or
“the embodiment” means that a particular feature, structure, or characteristic described
in connection with that embodiment is included in at least one embodiment. Thus, the
quoted phrases, or variations thereof, as recited throughout this specification are not
necessarily all referring to the same embodiment.

[0012] Several aspects of the embodiments disclosed herein may be implemented 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 that is operable in conjunction with appropriate hardware to
implement the programmed instructions. 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.

[0013] In certain embodiments, a particular software module or component may
comprise disparate instructions stored in different locations of a memory device, which
together implement the described functionality of the module. Indeed, a module or
component may comprise a single instruction or many instructions, and may be
distributed over several different code segments, among different programs, and across
several memory devices. Some embodiments may be practiced in a distributed
computing environment where tasks are performed by a remote processing device
linked through a communications network. In a distributed computing environment,
software modules or components may be located in local and/or remote memory
storage devices. In addition, data being tied or rendered together in a database record
may be resident in the same memory device, or across several memory devices, and

may be linked together in fields of a record in a database across a network.
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[0014] Embodiments may be provided as a computer program product including a
non-transitory machine-readable medium having stored thereon instructions that may
be used to program a computer or other electronic device to perform processes
described herein. The non-transitory machine-readable medium may include, but is not
limited to, hard drives, floppy diskettes, optical disks, CD-ROMs, DVD-ROMs, ROMs,
RAMs, EPROMs, EEPROMSs, magnetic or optical cards, solid-state memory devices, or
other types of media/machine-readable medium suitable for storing electronic
instructions. In some embodiments, the computer or other electronic device may
include a processing device such as a microprocessor, microcontroller, logic circuitry,
or the like. The processing device may further include one or more special purpose
processing devices such as an application specific interface circuit (ASIC), PAL, PLA,
PLD, field programmable gate array (FPGA), or any other customizable or
programmable device.

[0015] Electric power delivery systems are designed to generate, transmit, and
distribute electric energy to loads. Electric power delivery systems may include
equipment such as: machines (electric generators, electric motors, and the like); power
transformers, power transmission and delivery lines, circuit breakers, switches, buses,
voltage regulators, capacitor banks, and the like. Such equipment may be monitored,
controlled, automated, and/or protected using intelligent electronic devices (IEDs) that
receive electric power delivery system information from the equipment, make decisions
based on the information, and provide monitoring, control, protection, and/or
automation outputs to the equipment. As used herein, monitoring, control, protection,
and/or automation may generally be referred to as “control” unless otherwise
specifically indicated.

[0016] In some embodiments, an IED 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, bay controllers, meters, recloser controls, governors, exciters, statcom
controllers, static VAR compensator (SVC) controllers, on-load tap changer (OLTC)
controllers, and the like. Further, in some embodiments, IEDs may be communicatively
connected via a network that includes, for example, multiplexers, routers, hubs,
gateways, firewalls, and/or switches to facilitate communications on the networks.

Networking and communication devices may also be integrated into an IED and/or be in
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communication with an IED. As used herein, an IED may include a single discrete IED
or a system of multiple IEDs operating together.

[0017] IEDs may communicate with other IEDs, monitored equipment, and/or network
devices using one or more suitable communication protocols and/or standards. In
certain embodiments one or more IEDs included in an electric power delivery system
may communicate using a variety of protocols, such as IEC 61850 GOOSE (Generic
Object Oriented Substation Events) and/or a Mirrored Bits® or the like.

[0018] Figure 1 illustrates a simplified diagram of an example of an electric power
delivery system 100 consistent with embodiments disclosed herein. The systems and
methods described herein may be applied and/or implemented in the system electric
power delivery system 100 illustrated in Figure 1. Although illustrated as a one-line
diagram for purposes of simplicity, an electric power delivery system 100 may also be
configured as a three-phase power system. The electric power delivery system 100
may include, among other things, electric generators 130 and 131, configured to
generate an electric power output, which in some embodiments may be a sinusoidal
waveform.

[0019] Generators 130 and 131 may be selectively connected to the electric power
delivery system using switches or circuit breakers 111 and 171, respectively. Step-up
transformers 114 and 115 may be configured to increase the output of the electric
generators 130 and 131 to higher voltage sinusoidal waveforms. Buses 122 and 123
may distribute the higher voltage sinusoidal waveform to a transmission line 120
between buses 122 and 123. Step-down transformer 146 may decrease the voltage of
the sinusoidal waveform from bus 123 to a lower voltage suitable for electric power
distribution on line 142. Distribution line 142 is further selectively connectable to bus
123 via circuit breaker or switch 144, and may distribute electric power to a distribution
bus 140. Load 141 (such as a factory, residential load, motor, or the like) may be
selectively connected to distribution bus 140 using switch or circuit breaker 170. It
should be noted that additional transformers or other equipment may be used to further
step down a voltage from the distribution bus 140 to the load 141.

[0020] Various other equipment may be included in the electric power delivery
system. Also illustrated is switched capacitor bank (“SCB”) 174 selectively connectable
to transmission bus 123 using circuit breaker or switch 172. Other equipment that may
be included in the electric power delivery system may include, for example, static VAR
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compensators, reactors, load tap changers, voltage regulators, autotransformers, and
the like. Some of these are considered as included in the electric power system 100
such as, for example, load tap changers can be considered as part of the load 141.
Generators 130 and 131, may be any generator capable of providing electric power to
the electric power delivery system, and may include, for example, synchronous
generators, turbines (such as hydroelectric turbines, wind turbines, gas-fired, coal-fired,
and the like), photovoltaic electric generators, tidal generators, wave power generators,
and the like. Such generation machines may include components such as power-
electronically coupled interfaces for example doubly-fed induction machines, direct
coupled AC-DC/DC-AC transfer devices, and the like. It should be noted that these are
not exhaustive lists, and other equipment, machines, and connected devices may be
considered under this disclosure.

[0021] An electric power delivery system may be dynamically controlled to
accommodate changes in electrical demand and to provide safe and reliable power.
Control actions may aim to avoid events that may drive electric power delivery systems
into an unstable state, such as voltage collapse. Voltage collapse generally refers to
loads demanding more power than the electric power delivery system (or machines
thereof) can deliver. The voltage decreases as a result of the excessive demand,
which in in turn results in additional current draw. Resultant current levels may result in
further voltage drop, and the effect continues until generation is unable to supply the
needed reactive power. Large frequency deviations may be caused by transient
imbalances between the supply and consumption of electric power. Another type of
instability may be due to structural limitations on the electric power delivery system
including the ability to transfer power. One such example is when thermal limitations
result in transmission lines being taken out of service. The present disclosure
describes various system and methods that may be used to predict a future state of an
electric power delivery system. Based on a predicted future state, various control
strategies may be implemented to manage the system during times of stress and to
improve the reliability of the system.

[0022] Figure 1 illustrates several intelligent electronic devices (“IEDs”) 160-167 that
may be configured to control the one or more elements of the electric power delivery
system. An IED may be any processor-based device that controls monitored
equipment within an electric power delivery system (e.g., system 100). |IEDs may
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obtain and/or derive a state of the electric power delivery system. The state may
include equipment status, measurements, derived values, and |IED state. In some
embodiments, the IEDs 160-167 may gather equipment status from one or more pieces
of monitored equipment (e.g., generator 130). Equipment status may relate to the
status of the monitored equipment, and may include, for example, breaker or switch
open or closed, valve position, tap position, equipment failure, rotor angle, rotor current,
input power, automatic voltage regulator state, motor slip, reactive power control set
point, generator exciter settings, and the like. Further, the IEDs 160-167 may receive
measurements concerning monitored machines or equipment using sensors,
transducers, actuators, and the like. Measurements may relate to a measured status of
the machine or equipment, and may include, for example, voltage, current,
temperature, pressure, density, infrared absorption, viscosity, speed, rotational velocity,
mass, and the like. With the equipment status and/or measurements, IEDs may be
configured to derive or calculate derived values. Such derived values may be any
values derived or calculated from the measurements and/or equipment status and may
include, for example, power (real and reactive), magnitudes and angles of voltages and
currents, frequency, rate of change of frequency, phasors, synchrophasors, fault
distances, differentials, impedances, reactances, symmetrical components, alpha
components, Clarke components, alarms, and the like.

[0023] IEDs may be used to control various aspects of the electric power delivery
system. To this end, they may include protection elements such as, for example, an
instantaneous overcurrent element; an inverse-time overcurrent element; a thermal
element; a reactive power threshold; a distance element; a current differential element;
a load encroachment element; an impedance characteristic; a volts/Hz characteristic;
an undervoltage element; a directional element; a negative sequence current element;
a loss of excitation element; a negative sequence voltage element; an overvoltage
element; a ground fault element; a high-impedance fault element; an underfrequency
element; an overfrequency element; and the like.

[0024] Furthermore, IEDs may include control elements, related to electric power
delivery system equipment. Accordingly, an IED may be configured as a reactive
power controller, a capacitor bank controller, a transformer tap changing controller, a
generator over-excitation limit controller, a governor controller, a power system

stabilizer controller, a shunt reactor controller, a DC line controller, an inverter



WO 2014/134164 PCT/US2014/018666

controller, and the like. It should be noted that a single IED may include one or more
protection elements and/or control elements.

[0025] According to certain embodiments, IEDs 160-167 may issue control
instructions to the monitored equipment in order to control various aspects relating to
the monitored equipment. Typical control actions may be described as being in one of
two categories: namely, discontinuous control, and continuous control.

[0026] Discontinuous control actions may be described as modifying a topology of the
electric power delivery system. Some examples of discontinuous control actions
include: opening a breaker which disconnects a generator with a rotor angle moving
towards instability; opening a breaker which sheds load that is causing a voltage to
decline towards a collapsing condition; opening a breaker to remove an asset when the
asset, such as a line or transformer, is exceeding its safe operating limits; opening a
breaker which sheds load that is causing the frequency of the system to decline such
that it is exceeding predefined operating limits; inserting shunt capacitance with the
effect of increasing the voltage on an electric power line so that the reactive
requirements on a generator are not exceeded and therefore preemptively preventing
the generator from being removed from service by a reactive power control; activating a
dynamic brake which counters the acceleration of a machine rotor.

[0027] Continuous control actions may be described as control actions that do not
modify a topology of the electric power delivery system. Examples of continuous
control actions include: adjusting a set-point on a governor to limit the power output of a
synchronous machine so that it does not exceed the safe operating limits;
simultaneously adjusting set-points of other synchronous machines so that they pick-up
the new load; and, adjusting a voltage regulation set-point of an automatic voltage
regulator such that a voltage at a more distant point in the power system does not
exceed its maximum or minimum voltage threshold.

[0028] IEDs 160-167 may be communicatively linked together using a data
communications network, and may further be communicatively linked to a central
monitoring system, such as a supervisory control and data acquisition (SCADA) system
182, and/or a wide area control and situational awareness (WACSA) system 180. In
certain embodiments, various components of the electric power delivery system 100
illustrated in Figure 1 may be configured to generate, transmit, and/or receive GOOSE

messages, or communicate using any other suitable communication protocol. For
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example, an automation controller 168 may communicate certain control instructions to
IED 163 via messages using a GOOSE communication protocol.

[0029] The illustrated embodiments are configured in a star topology having an
automation controller 168 at its center, however, other topologies are also
contemplated. For example, the IEDs 160-167 may be communicatively coupled
directly to the SCADA system 182 and/or the WACSA system 180. Certain IEDs, such
as IEDs 163 and 164, may be in direct communication with each other to effect, for
example, line differential protection of transmission line 120. The data communications
network of the system 100 may utilize a variety of network technologies, and may
comprise network devices such as modems, routers, firewalls, virtual private network
servers, and the like. Further, in some embodiments, the IEDs 160-167 and other
network devices (e.g., one or more communication switches or the like) may be
communicatively coupled to the communications network through a network
communications interface.

[0030] Consistent with embodiments disclosed herein, IEDs 160-167 may be
communicatively coupled with various points to the electric power delivery system 100.
For example, IEDs 163 and 164 may monitor conditions on transmission line 120. IED
160 may be configured to issue control instructions to associated breaker 111. IEDs
163, and 167 may monitor conditions on buses 122, and 123. |IED 161 may monitor
and issue control instructions to the electric generator 130. IED 162 may monitor and
issue control instructions to transformer 114. IED 166 may control operation of breaker
172 to connect or disconnect SCB 174. |ED 165 may be in communication with load
center 141, and may be configured to meter electric power to the load center. IED 165
may be configured as a voltage regulator control for regulating voltage to the load
center using a voltage regulator (not separately illustrated).

[0031] In certain embodiments, communication between and/or the operation of
various IEDs 160-167 and/or higher level systems (e.g., SCADA system 182 or
WACSA 180) may be facilitated by an automation controller 168. The automation
controller 168 may also be referred to as a central IED, communication processor, or
access controller. In various embodiments, the automation controller 168 may be
embodied as the SEL-2020, SEL-2030, SEL-2032, SEL-3332, SEL-3378, or SEL-3530
available from Schweitzer Engineering Laboratories, Inc. of Pullman, WA, and also as
described in U.S. Patent No. 5,680,324, U.S. Patent No. 7,630,863, and U.S. Patent
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Application Publication No. 2009/0254655, the entireties of which are incorporated
herein by reference.

[0032] The IEDs 160-167 may communicate a variety of types of information to the
automation controller 168 including, but not limited to, operational conditions, status
and control information about the individual IEDs 160-167, event (e.g., a fault) reports,
communications network information, network security events, and the like. In some
embodiments, the automation controller 168 may be directly connected to one or more
pieces of monitored equipment (e.g., electric generator 130 or breakers 111, or 172).
[0033] The automation controller 168 may also include a local human machine
interface (HMI) 186. In some embodiments, the local HMI 186 may be located at the
same substation as automation controller 168. The local HMI 186 may be used to
change settings, issue control instructions, retrieve an event report (which may
originate from a specified IED), retrieve data, and the like. The automation controller
168 may further include a programmable logic controller accessible using the local HMI
186.

[0034] The automation controller 168 may also be communicatively coupled to a
common time source (e.g., a clock) 188. In certain embodiments, the automation
controller 168 may generate a time signal based on the common time source 188 that
may be distributed to communicatively coupled IEDs 160-167. Alternatively, IEDs may
be individually connected to a common time source. Based on the time signal, various
IEDs 160-167 may be configured to collect and/or calculate time-aligned operational
conditions including, for example, synchrophasors, and to implement control
instructions in a time coordinated manner. IEDs may use the time information to apply
a time stamp to operational conditions and/or communications. In some embodiments,
the WACSA system 180 may receive and process the time-aligned data, and may
coordinate time synchronized control actions at the highest level of the electric power
delivery system 100. In other embodiments, the automation controller 168 may not
receive a time signal, but a common time signal may be distributed to IEDs 160-167.
[0035] The common time source 188 may also be used by the automation controller
168 for time stamping information and data. Time synchronization may be helpful for
data organization, real-time decision-making, as well as post-event analysis. Time
synchronization may further be applied to network communications. The common time

source 188 may be any time source that is an acceptable form of time synchronization,
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including, but not limited to, a voltage controlled temperature compensated crystal
oscillator, Rubidium and Cesium oscillators with or without a digital phase locked loops,
microelectromechanical systems (MEMS) technology, which transfers the resonant
circuits from the electronic to the mechanical domains, or a Global Navigational
Satellite System (GNSS) such as a Global Positioning System (GPS) receiver with time
decoding. In the absence of a discrete common time source 188, the automation
controller 168 may serve as the common time source 188 by distributing a time
synchronization signal.

[0036] As is detailed above, the electric power delivery system 100 illustrated in
Figure 1 includes local control and protection using IEDs 160-167, which may
communicate derived values to a WACSA, SCADA, Local HMI, or the like. As
described below, a visualization module (of the WACSA, SCADA, Local HMI, or the
like) may be used for state visualization, state trajectory prediction, and display of the
state trajectory prediction.

[0037] The state trajectory prediction (STP) feature of the visualization module (which
may include synchrophasor visualization software such as, for example,
SynchroWAVe® Central, available from Schweitzer Engineering Laboratories, Inc.)
generates a model based prediction of selected power system signals for a set period
(for example 30 minutes) into the future. The results may be displayed in various ways,
such as a chart or faster-than-real-time movie, and may be updated periodically. In one
specific embodiment, a visualization may be updated every 5 seconds. The selected
power system signals can include voltages (magnitude and angle), currents (magnitude
and angle), power flow (real and imaginary), or other relevant signals.

[0038] As used herein, the STP feature differs from a contingency analysis because it
dynamically predicts future state values according to a model and best estimate of
upcoming topology, generation, and load changes. Systems that include an STP
feature may show operators exactly what will happen in the next time interval (for
example 30 minutes). This is different than contingency analysis which shows what
would happen if various contingencies occur. In other words, a contingency analysis
indicates what “might” happen based on the occurrence of certain contingencies in the
next time interval (for example 30 minutes), where an STP system may provide a
prediction that encompasses foreseeable events and reflects those events in the
prediction. In some embodiments, the STP feature may be tied to a confidence interval

10
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associated with a predicted future state. In one specific embodiment, the STP may
graphically illustrate predicted future states using a predetermined confidence interval.
In one specific example, the confidence interval may be approximately 80%.

[0039] Various embodiments may utilize a 30 minute time interval because the North
American Electric Reliability Corporation (NERC) requires that a power system is
brought back into a secure state after any given N-1 contingency within this time period.
Other intervals are also possible and are contemplated by the present disclosure.
[0040] Figure 2 illustrates a screen capture 200 of a system that may be configured to
generate a state trajectory prediction consistent with embodiments of the present
disclosure. The illustrated screen capture 200 may be displayed on a variety of
interfaces distributed throughout an electric power delivery system. For example, the
screen capture 200 may be displayed on a local HMI (such as HMI 186 shown in
Figure 1), a display associated with a WACSA system (such as WACSA system 180
shown in Figure 1), a display associated with a SCADA system (such as SCADA
system 182 shown in Figure 1), and the like.

[0041] Returning to a discussion of Figure 2, the screen capture 200 may provide a
calendar 201 and a time range bar 202 that may permit a user to display data from a
particular date associated with an electric power delivery system. A selection box 204
may be used to select a variety of lengths of time to be displayed. According to the
illustrated embodiment, a user may select one of a standard chart 206, a modal
analysis 208, a phasor scope 210, a map 212, and a state trajectory prediction 214 to
display.

[0042] Figure 3 illustrates a display 300 including a state trajectory window 302
consistent with embodiments of the present disclosure. In one embodiment, display
300 may be shown after a user selects the state trajectory prediction option 214 from
screen capture 200, as illustrated in Figure 2. Returning to a discussion of Figure 3,
the state trajectory window 302 shows one hour of data 312. A selection box 304 may
be used to select a variety of lengths of time to be displayed in the state trajectory
window 302. The right half 314 of the state trajectory window 302 may show future
states, while the left half 316 of the state trajectory window 302 shows actual values for
past states. In the illustrated embodiment, future states may be shown for a period of
30 minutes into the future. The chart may be configured to display updates when all
displays are in real-time mode. The state trajectory window 302 may include a time-

11
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range bar 320. Time-range bar 320 may display a relatively large time span, including
all historical data stored by a related system. A scrubber 324 may be positioned along
time-range bar 320 to select a particular area of interest that is displayed, at least
partially, in state trajectory window 302. In the illustrated embodiment, state trajectory
window 302 displays 1 hour of time, as displayed along axis 318. In some
embodiments, a cursor 322 may display instantaneous data values in a data window
323. In the illustrated embodiment, cursor 322 is displaying a real-time value. As may
be appreciated, the cursor 322 may be repositioned at various points of historical data
and associated measurements may be displayed in data window 323.

[0043] Display 300 shows time along the horizontal axis 306 and a measured
frequency along the vertical axis 308. A selection box 310 may be used to select
another parameter to be displayed in the state trajectory window 302. According to
various embodiments, selection box 310 may allow for an operator to display one or
more of a voltage magnitude, a voltage angle, a current magnitude, a current angle, a
real power measurement, a reactive power measurement, and the like.

[0044] Figure 4 illustrates a flow chart of a method 400 for generating a state
trajectory prediction of an electric power delivery system consistent with embodiments
of the present disclosure. At 402, a system topology may be obtained. The topology
may identify interconnections, impedance values, and models of devices in an electric
power delivery system. Such devices may include, for example, generators, loads,
static VAR compensators, shunt capacitors, series capacitors, relays, sectionalizers,
disconnect switches, breakers, and the like. According to some embodiments, the
topology of a system may be specified by a user. In other embodiments, automated
processes may be used to determine connections, parameters, and models of various
components in the system. Mathematical models of various components may be used
to predict responses (e.g., system frequency, device state, etc.) of various components
to future conditions. In still further embodiments, topology may be provided using
manual input and automated processes. Missing values may be estimated using a
single-step linear calculation.

[0045] At 404, initial values at each bus in the electric power delivery system may be
determined. The initial values may, in some embodiments, be provided by real-time
synchrophasor measurements taken from the electric power delivery system. In other
embodiments, the initialized values may be nominal values that facilitate rapid
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convergence to an operating condition. In one embodiments the initial values may
comprise measurements of currents used in a power-flow model. The power-flow
model may be used to generate estimates of other parameters (e.g., voltage,
frequency, etc.) of the electric power delivery system. In some embodiments, each bus
with positive power flow may be marked as a generator, while each bus with a negative
power flow may be marked as a load. At 406, a display may be initialized. In certain
embodiment, the display may be similar to display 300 illustrated in Figure 3.

[0046] In one specific embodiment, a power-flow engine may be initialized at 404 with
time-synchronized complex voltage and optionally with current measurements. The
voltage and current measurements may be defined as Vyjess and Ieas- The values are
arranged as an Nx1 column vector, where N is the number of buses in the system.
Each bus with positive power flow is marked as a generator. Generator power is
computed as P = V0.5 - 1%, Each bus with negative power flow is marked as a load.
Load power is computed the same way.

[0047] Returning to a discussion of Figure 4, at 408, each load may be advanced
according to a respective load prediction profile. Similarly, at 410, each generator may
be advanced according to a respective generator prediction profile. A mathematical
model may represent an expected response of a component in the electric power
delivery system using various inputs. An appropriate model may be developed for
various loads, generators, IEDs, and other components in the electric power delivery
system. Each load prediction profile and each generator prediction profile may be
advanced by one step interval in each iteration. The step interval may vary in various
embodiments. In one example, the step interval may be one minute. In another
example, the step interval may be 5 seconds. A wide range of step intervals are
contemplated by the present disclosure. A predicted response of an electric power
delivery system may be determined at a time in the future corresponding to each step
interval.

[0048] In some embodiments, a plurality of values associated with each generator
prediction profile and each load prediction profile may be determined at 408 and 410.
In some embodiments, the plurality of predicted responses of each load may be based
on an increase in the load, a decrease in the load, or the load remaining constant.
Similarly, in some embodiments, the plurality of predicted responses of each generator
may be based on an output of the generator increasing, decreasing, or remaining
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constant. The plurality of values determined at 408 and 410 may further be used to
determine a confidence interval associated with the predicted responses of each
generator and each load.
[0049] Injected currents may be calculated at each bus at 412 based on the load
prediction profile determined at 408 and the generator prediction profile determined at
410. In one specific embodiment, the power-flow engine may compute the injected
currents at each bus using Eq. 1.

Iecale = Y Vipeas Eq. 1
In Eq. 1, Y may be an N x N matrix that is established by the topology of an electric
power delivery system and set admittances. The display may be updated with the
values computed at 414. At each stepped load a new set of voltages and currents are
calculated from a load-flow. These are defined as Vj egictea [kl @nd Iyredictea [K], Where k
=0,...,x, and x is the number of steps. The determined values may be used to update
the plurality of time-synchronized complex electric power delivery system values at
each stepped load based on the injected currents at each bus.
[0050] Advancing models of generator prediction profiles and load prediction profiles
may be made according to an appropriate model, for example, a constant-power model.
The prediction profiles may be developed in stages. The load prediction profiles and
generator prediction profiles may be set according to measurements from previous
measurements (for example a specific day, where the day is selectable). Prediction
profiles may also be set according to predefined equations. The state trajectory
prediction may save its predictions and may then compare prior predictions to actual
states profile of the network. Based on differences between predictions and actual
variables, the load prediction profile and generator prediction profile may be updated to
more accurately predict performance.
[0051] In various embodiments, mechanisms and procedures may be implemented to
detect inconsistencies or errors associated with a generator prediction profile, a load
prediction profile, and/or power flow determinations. In one specific embodiment, the
classification of a bus as either generator or load must correspond to the expected use
by a load prediction profile or a generator prediction profile. If a mismatch occurs (e.g.,
a bus showing positive power flow, but being modeled using a load prediction profile), a
warning may be issued and/or further iterations of method 400 may cease until the
mismatch is resolved. According to some embodiments, a warning may be placed in
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the logs to note the occurrence of the mismatch. In another specific embodiment, non-
convergence at any step in a power flow analysis may generate an error. The error
may be noted in a log, may be indicated on a display, and/or may suspend further
updates of a display.

[0052] Various systems configured to implement method 400 may be configured to
address changes in topology of an electric power delivery system. For example, a relay
may operate to disconnect a line. If the disconnected line is included in one or more
generator or load prediction profiles, then the relay action may be included in future
predictions. At 416, method 400 may determine whether a topology change has
occurred, and if so, the system topology may be updated at 422. In certain
embodiments, topology changes may be anticipated, for example based on IED
models. Further, various scenarios may also be simulated to guard against a “worst
case” scenario. For example, the “worst case” scenario may involve failure of one or
more components (e.g., transmission lines, generators, etc.) in the system.

[0053] At 418, method 400 may determine whether a step duration has been reached.
As used herein the term step duration refers to length of time in the future that is
predicted by a state trajectory prediction system. In one embodiment, the step duration
may be 30 minutes. In this embodiment, the state trajectory prediction system may
predict the state of the electric power delivery system 30 minutes into the future. The
number of iterations through elements 408-418 for a given step duration may depend
on the step interval selected. For example, for a step duration of 30 minutes and a step
interval of one minute, 30 iterations of elements 408-418 may be performed. In another
embodiment, a five second step interval may be used with a 30 minute step interval,
resulting in 600 iterations for the 30 minute step interval.

[0054] The following steps repeat every five seconds. The five second interval is for
illustration and other intervals are possible. It is not critical to the invention the exact
interval. Five seconds is a good choice because it is fast enough to show rapidly
changing events but not too fast such that the display is difficult to see. In an alternate
embodiment, the following steps repeat once, after a contingency has occurred (for
example, after the loss of a key transmission line).

[0055] At 420, method 400 may determine whether an amount of time has elapsed
that necessitates an update to the state trajectory prediction. For example, in a system
that updates every 5 seconds and has a step duration of 30 minutes, at least one
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update may be performed every 5 seconds to ensure that the latest state trajectory
prediction is always 30 minutes in the future.

[0056] In one embodiment, a software architecture implementing method 400 may
cause the power-flow calculations and chart trajectory displays to operate in parallel.
The power-flow may determine values for the next chart display and buffers the results
until the next display window. The time to complete one-power flow iteration may be
determined based on the time into the future that a state is to be predicted (e.g., 30
minutes), the time duration of each interval (e.g., 1 minute), and the frequency at which
updated information is displayed (e.g., 5 seconds). Using the specific values set forth
in the prior sentence, a system implementing method 400 may be configured to
complete one power-flow iteration every 167 milliseconds.

[0057] Figure 5 illustrates a functional block diagram of a system configured to
generate a state trajectory prediction consistent with embodiments of the present
disclosure. In certain embodiments, the system 500 may comprise an |IED system
configured to, among other things, generate a state trajectory prediction consistent with
embodiments of the present disclosure. System 500 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 configuration is merely
representative of one embodiment consistent with the present disclosure.

[0058] IED 500 includes a communications interface 516 configured to communicate
with other IEDs and/or system devices. In certain embodiments, the communications
interface 516 may facilitate direct communication with another IED or communicate with
another |IED over a communications network. Communications interface 516 may
facilitate communications with multiple IEDs. IED 500 may further include a time input
512, which may be used to receive a time signal (e.g., a common time reference)
allowing IED 500 to apply a time-stamp to the acquired samples. In certain
embodiments, a common time reference may be received via communications interface
516, 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 508 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).
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[0059] Processor 524 may be configured to process communications received via
communications interface 516, time input 512, and/or monitored equipment interface
508. Processor 524 may operate using any number of processing rates and
architectures. Processor 524 may be configured to perform various algorithms and
calculations described herein. Processor 524 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.

[0060] In certain embodiments, IED 500 may include a sensor component 510. In the
illustrated embodiment, sensor component 510 is configured to gather data directly
from a conductor (not shown) and may use, for example, transformers 502 and 514 and
A/D converters 518 that may sample and/or digitize filtered waveforms to form
corresponding digitized current and voltage signals provided to data bus 522. A/D
converters 518 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 518 may be connected
to processor 524 by way of data bus 522, through which digitized representations of
current and voltage signals may be transmitted to processor 524. In various
embodiments, the digitized current and voltage signals may be used to calculate the
location of a fault on an electric power line as described herein.

[0061] Computer- readable storage medium 530 may be the repository of various
software modules configured to perform any of the methods described herein. A data
bus 526 may link monitored equipment interface 508, time input 512, communications
interface 516, and computer-readable storage medium 530 to processor 524.

[0062] Computer-readable storage medium 530 may comprise a plurality of software
modules configured to perform various functions described herein. According to certain
embodiments, modules may include a generator prediction profile module 532, a load
prediction profile module 533, a control device prediction module 534, a display module
535, a control module 536, an operating module 537, a topology module 538, a power
flow module 539, and a state trajectory prediction module 540.

[0063] A generator prediction profile module 532 may be configured to produce one or
more mathematical models that may represent one or more generators in an electric
power delivery system. The generator prediction profile(s) may be configured to predict
the response of one or more generators to future conditions. A future state of the
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electric power delivery system may be determined, at least in part, based on the
models generated by the generator prediction profile module 532.

[0064] A load prediction profile module 533 may be configured to produce one or
more mathematical models that may represent one or more loads in the electric power
delivery system. The load prediction profile(s) may be configured to predict the
response of one or more loads to future conditions. A future state of the electric power
delivery system may be determined, at least in part, based on the models generated by
the generator prediction profile module 532.

[0065] A control device prediction module 534 may be configured to produce one or
more mathematical models that may represent one or more control devices in the
electric power delivery system. For example, a relay may be configured to operates
once its measured voltages and currents translate into an operate region. This is
modeled and the relevant line, transformer, or other asset is removed from service in
the model, as anticipated it would be in the actual power system. The control device
prediction module may be configured to predict the response of one or more control
devices to future conditions. A future state of the electronic power generation and
delivery system may be determined, at least in part, based on models generated by the
control device prediction module 534.

[0066] In any of generator prediction profile module 532, load prediction profile
module 533, and/or control device prediction module 534, differential equation models
of the generators, generator controllers, renewable sources, loads, network control
devices (e.g., static VAR compensators) may be used. Over time, the models may be
improved or tuned by comparing predicted values to actual values and adjusting
various parameters to more accurately reflect the response of a component to various
conditions.

[0067] A control module 536 may be configured to implement continuous or
discontinuous control actions in the electric power delivery system. Such control
actions may include, for example, selectively disconnecting loads, increasing or
decreasing generation capacity, adding or removing reactive power support, adjusting
network topology, etc. The actions of control module 536 may be integrated into a state
trajectory prediction. In some embodiments, control actions may be anticipated and
incorporated into the state trajectory prediction before such actions are actually

implemented.
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[0068] An operating module 537 may be configured to collected data during operation
of various generators, loads, and/or control devices that are modeled by any of
generator prediction profile module 532, load prediction profile module 533, and/or
control device prediction module 534. Data collected by the operating module 537 may
be used to tune or refine the various models in order to more accurately predict the
response of the generator to various operating conditions.

[0069] A topology module 538 may be configured to determine a topology of an
electric power delivery system. Further, operating module 537 may operate in
conjunction with topology module 538 to identify events in the electric power delivery
system and determine changes in the topology of the system. Topology module 538
may be configured to identify nodes in the electric power delivery system associated
with islands.

[0070] A power flow module 539 may comprise a power-flow model representing at
least a portion of the electric power delivery system. According to some embodiments,
multiple representations of portions of the system may be used to represent the entire
system. In other embodiments, the system may be represented by a single model.
The power flow module 539 may be configured to analyze the power flow through the
system based, at least in part, upon the predicted responses generated by the
generator profile prediction module 532, the load prediction profile module 533, and/or
the control device prediction module 534.

[0071] A state trajectory prediction module 540 may be configured to predict the state
of the electric power delivery system in the future. State trajectory prediction module
may utilize the data generated by one or more of the other modules to generate a state
trajectory prediction. According to some embodiments, the state trajectory prediction
may represent a specified period of time into the future. In one specific embodiment,
the specific period of time may be 30 minutes.

[0072] A display module 535 may be configured to provide a graphical representation
of the predicted state of the electric power delivery system generated by the state
trajectory prediction module 540. The graphical representation may, according to one
embodiment, be similar to the display illustrated in Figure 3. In another embodiment,
the graphical representation may be similar to the display illustrated in Figure 6 or
Figure 7A-7C. The graphical representations illustrated in Figure 3, Figure 6, and
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Figure 7A-7C are merely examples and are not exhaustive of the types of graphical
displays contemplated by the present disclosure.

[0073] Figure 6 illustrates a screen capture showing a display 600 of a parameter 622
over a period of time extending into the future and associated with a confidence interval
622a, 622b consistent with embodiments of the present disclosure. Display 600
includes three divisions, namely a settings window 602, a map window 604 and a state
trajectory prediction window 606. In some embodiments, the settings window 602 may
be collapsed so that additional space on the display 600 may be allocated to the map
window 604 and the state trajectory prediction window 606.

[0074] State trajectory prediction window 606 may display a representation of one
parameter of an electric power distribution system. In the illustrated embodiment, the
parameter is a system frequency. A divider 608 may separate historical data (i.e.,
values of parameter 622 displayed to the left of divider 608) from predicted values of
the parameter (i.e., values of parameter 622 displayed to the right of divider 608).
[0075] In addition to predicting values of parameter 622, a confidence interval band
622a, 622b may also be displayed. In one embodiment the confidence interval band
622a, 622b may represent a predetermined confidence interval (e.g., an 80%
confidence interval). As illustrated, the confidence interval band may spread out as the
distance of the prediction into the future increases. An operator of an electric power
distribution system associated with display 600 may monitor the predicted values of the
parameter (i.e., values of parameter 622 displayed to the right of divider 608) to watch
for signs of instability in the electric power distribution system. Further, the confidence
interval 622a, 622b may provide the operator with an assessment of the likelihood of
the occurrence of various conditions so that appropriate action may be taken.

[0076] Figures 7A-7C illustrate a series of images taken from a display of a state
trajectory system configured to illustrate a faster-than-real-time illustration of a
predicted state consistent with embodiments of the present disclosure. In the illustrated
embodiment the illustration is overlaid on a map of a portion of the United States.
Figure 7A may illustrate a real-time display in which power flows between Vacaville,
CA, Bothell, WA, and Pullman, WA are shown. Further, the display may provide an
indication of the relative phase angles between these locations. A nominal frequency
may appear without shading on the map. Areas having an abnormal frequency may be

shaded. For example, an area of abnormal frequency is shown in the area surrounding
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Vacaville, CA and in the region encompassing Boise, ID and Pullman, WA. Severity of
the abnormality may be indicated by the shading. In the illustrated embodiment, three
phases (i.e., Phase |, Phase Il, and Phase lll) are illustrated, and may represent
increasingly severe departures from a nominal frequency.

[0077] Figure 7B illustrates a first predicted future state of the electric power
distribution system based on a state trajectory estimation system. As illustrated, the
areas of abnormal frequency have expanded geographically. Further, the phase angles
illustrated on the display have changed. As may be appreciated, a state trajectory
prediction system may generate a plurality of images between the images shown as
Figure 7A and Figure 7B. In some embodiments, a continuously updating movie may
be displayed that starts from a present condition and illustrates the predicted state over
a period of time extending into the future. The movie may be updated and restart at a
fixed interval (e.g., every 5 seconds, every 30 seconds, every minute, etc.).

[0078] Figure 7C illustrates a second predicted future state of the electric power
distribution system based on the state trajectory estimation. In comparison to Figure
7B, the areas of abnormal frequency have again expanded geographically. Further an
area in Phase lll is predicted to develop in the area surrounding Irvine, CA. The
predicted state illustrated in Figure 7C may signal to an operator that the electric power
distribution system is progressing toward an unstable condition and that remedial action
should be implemented. More specifically, the progression may show that the electric
power distribution system is progressing toward voltage collapse.

[0079] In one specific embodiment, the span of time between Figure 7A and Figure
7C may be approximately 30 minutes. This amount of time may allow an operator to
observe progression of conditions indicative of potential instability and provide sufficient
time to implement remedial action that does avoids or reduces the potential for
instability and/or interruptions in electrical service provided by the electric power
distribution system.

A geographical map that provides a faster-than-real-time movie of the next time interval
(for example 30 minutes) into the future is provided.

[0080] While specific embodiments and applications of the disclosure have been
illustrated and described, it is to be understood that the disclosure is not limited to the
precise configuration and components disclosed herein. Various modifications,
changes, and variations apparent to those of skill in the art may be made in the
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arrangement, operation, and details of the methods and systems of the disclosure
without departing from the spirit and scope of the disclosure.
[0081] What is claimed is:
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Claims
1. A system for state trajectory prediction in an electric power delivery system,
comprising:

a data communication network configured to gather a plurality of values based
on measurements associated with the electric power delivery system;

a state trajectory prediction system in communication with the data
communication network and configured to receive the values and to use the values to
develop:

a load prediction profile based, at least in part, on the measurements of
the electric power delivery system, the load prediction profile configured to
provide a predicted response of a load at a future time;

a generator prediction profile based, at least in part, on the measurements
of the electric power delivery system, the generator prediction profile
configured to provide a predicted response of a generator at the future time;

a plurality of predicted values configured to represent the electric power
delivery system over a period of time and determined based on an iterative
computation of the predicted response of the load and the prediction response
of the generator at a plurality of step intervals;

a state trajectory prediction configured to represent a future state of the
electric power delivery system based, at least in part, on the plurality of
predicted values; and
a control system configured to implement a control action based, at least in

part, on the state trajectory prediction.

2. The system of claim 1, wherein the power flow calculation sub-system is
further configured to:

initialize a plurality of time-synchronized complex values representing electrical
conditions at a plurality of buses in the electric power delivery system;

identify each bus with positive power flow as a generator; and

identify each bus with a negative power flow as a load.

3. The system of claim 1, wherein each of the plurality of step intervals comprises

about 5 seconds.
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4. The system of claim 1, wherein the state trajectory estimation system further
comprises a display subsystem configured to display a representation of the future
state of the electric power delivery system.

5. The system of claim 4, wherein the display subsystem is further configured to
provide a graph representing at least one metric of the future state of the electric power
delivery system.

6. The system of claim 5, wherein the graph represents one of a frequency, a
voltage magnitude, a voltage angle, a current magnitude, a current angle, a real power

magnitude, and a reactive power magnitude.

7. The system of claim 4, wherein the display system is further configured to
provide a map configured to display the at least one of the predicted response of the
load and the predicted response of the generator over a period of time that

encompasses the future time.

8. The system of claim 1, wherein the period of time comprises approximately 30
minutes.
9. The system of claim 1, further comprising a control device prediction profile

configured to provide a predicted response of a control device at the future time; and
wherein the state trajectory prediction is further based on the predicted response of the

control device.

10. The system of claim 1, further comprising a topology determination sub-system
configured to determine changes to a topology of the electric power delivery system;
and

wherein the state trajectory prediction is further developed based, at least in
part, on the topology of the electric power delivery system.

11. A method for predicting a state trajectory in an electric power delivery system,

comprising:
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receiving a plurality of values based on measurements associated with an
electric power delivery system

obtaining a topology of the electric power delivery system;

determining a predicted response of a load at a future time using a load
prediction profile;

determining a prediction response of a generator at a future time using a
generator prediction profile;

iteratively computing a plurality of values representing the electric power
delivery system over a period of time based on the predicted response of the load and
the prediction response of the generator;

generating a state trajectory prediction representing a future state of the
electric power delivery system based, at least in part, on the load prediction profile and
the generator prediction profile;

implementing a control action based, at least in part, on the state trajectory

prediction.

12. The method of claim 11, wherein the predicted response of the load is
determined by iteratively advancing the load prediction profile using a power flow

calculation system over a plurality of step intervals.

13. The method of claim 11, wherein the predicted response of the generator is
determined by iteratively advancing the generator prediction profile using a power flow

calculation system over a plurality of step intervals.

14. The method of claim 12, further comprising:
initializing a plurality of time-synchronized complex values representing
electrical conditions at a plurality of buses in the electric power delivery system;
identifying each bus with positive power flow as a generator; and

identifying each bus with a negative power flow as a load.

15. The method of claim 11, further comprising displaying a representation of the

future state of the electric power delivery system.
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16. The method of claim 15, wherein the representation of the future state of the
electric power delivery system comprises one of a graph and a map, the graph and the
map representing at least one metric of the future state of the electric power delivery

system.

17. The method of claim 11, further comprising determining a predicted response
of a control device at the future time; and wherein generating the state trajectory
prediction is further based on the predicted response of the control device.

18. A system for state trajectory prediction in an electric power delivery system,
comprising:
a bus;

a processor in communication with the bus; and
a non-transitory computer-readable storage medium, comprising:

a load prediction profile module executable on the processor and
configured to provide a predicted response of a load at a future time;

a generator prediction profile module executable on the processor and
configured to provide a predicted response of a generator at the future time;

a power flow module executable on the processor and configured to
determine a plurality of predicted values configured to represent the electric
power delivery system over a period of time and determined based on an
iterative computation of the predicted response of the load and the prediction
response of the generator at a plurality of step intervals; and

a state trajectory prediction module executable on the processor and
configured to predict a future state of the electric power delivery system based,
at least in part, on the a plurality of predicted values.

19. The system of claim 18, further comprising:

a control device prediction module executable on the processor and configured
to provide a predicted response of a control device at the future time; and

wherein the state trajectory prediction is further based on the predicted

response of the control device.
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20. The system of claim 18, further comprising:

a topology module executable on the processor and configured to determine
changes to a topology of the electric power delivery system; and

wherein the state trajectory prediction is further based on the topology of the
electric power delivery system.

21. A system for state trajectory prediction in an electric power delivery system,
comprising:

a data communication network configured to gather a plurality of values based
on measurements associated with the electric power delivery system;

a state trajectory prediction system in communication with the data
communication network and configured to receive the values and to use the values to
develop:

a load prediction profile based, at least in part, on the measurements of
the electric power delivery system, the load prediction profile configured to
provide a plurality of predicted responses of a load at a future time;

a generator prediction profile based, at least in part, on the measurements
of the electric power delivery system, the generator prediction profile
configured to provide a plurality of predicted responses of a generator at the
future time;

a plurality of predicted values configured to represent the electric power
delivery system over a period of time and determined based on an iterative
computation of the plurality of predicted responses of the load and the plurality
of prediction responses of the generator at a plurality of step intervals;

a state trajectory prediction configured to represent a future state of the
electric power delivery system based, at least in part, on the plurality of
predicted responses of the load and the plurality of predicted responses of the
generator; and
a control system configured to implement a control action based, at least in

part, on the state trajectory prediction.

22. The system of claim 21, wherein the plurality of predicted responses of the
load comprise at least one of an increase in the load and a decrease in the load.
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23. The system of claim 21, wherein the plurality of predicted responses of the
generator comprise at least one of an increase in output of the generator and a
decrease in the output of the generator.

24. The system of claim 21, wherein the generator comprises a renewable
generation source and the plurality of predicted responses of the generator comprise a

range of output from the renewable generation source.

25. The system of claim 21, wherein the state trajectory prediction system is
further configured to develop a confidence interval associated with the state trajectory
prediction based on the plurality of predicted responses of the load and the plurality of
predicted responses of the generator.

26. The system of claim 25, where in the confidence interval comprises about an

80% confidence interval.
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