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(57) Abstract: A power system oscillation detection device is provided for use in an electric power system. A plurality of sample

@\ signals are acquired from the electrical power system via a plurality of intelligent electronic devices (IEDs) in communication with
& the power system. The power system oscillation detection device includes a real-time modal analysis module, a real-time mode

& identification module, and real-time decision and control logic. The real-time modal analysis module calculates modes of at least

=

one of the signals, each mode including mode information. The real-time mode identification module together with the real-time
decision and control logic determines, from the mode information, whether there is an undesirable oscillation in the electric power
system and activates a remedial action.
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REAL-TIME POWER SYSTEM OSCILLATION DETECTION
USING MODAL ANALYSIS

Inventors: Yanfeng Gong and Armando Guzman-Casillas

Field of the Invention

[0001] The present invention relates generally to a device and system for detecting
oscillation in a power system. More specifically, a device and system is provided which
receives phasor measurements in real-time and processes such data using modal

analysis to provide oscillation detection in a power system.

Background of the Invention

[0002] Power system disturbances, such as line tripping and drop of generation,
cause local and inter-area power system oscillations. Usually, local oscillation modes
range in frequency from 0.7 to 2.0 Hz. Inter-area oscillation, which refers generally to a
group of generators in one area that swing against a group of generators in another
area, normally ranges in frequency from 0.1 to 0.8 Hz. The local oscillation involves a
few generators within a small portion of a power system and has little impact on an
overall power system. Inter-area oscillations constrain the amount of power that can be
transferred through some parts of interconnected power grids. Without proper remedial
actions, inter-area oscillation can result in power system separations or major blackouts.
[0003] Wide-Area Measurement Systems (WAMSSs) are used to monitor power
system disturbances. WAMSs generally include among other things phasor
measurement units (PMUs), phasor data concentrators (PDCs), visualization software
and data archiver software. PMUs, or relays with phasor measurement capabilities, are
placed at various locations of the power system to acquire voltage and current phasor
measurements therefrom. These PMUs may be adapted to time-stamp such data.
PDCs may be adapted to collect the phasor measurements from the PMUs and time-
align such data. Using visualization and data archiver software, the power system may
be monitored using phasor measurements acquired by the PMUs. In this way, WAMSs
generally provide real-time information relating to transmission line power flows, bus
voltage magnitude and angle, and frequency measurements across the transmission

network. WAMSs also provide information for post-mortem analysis (e.g., power
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system modal analysis for determining inter-area oscillation).
[0004] With similar system architecture, Wide-Area Control Systems (WACS) and
Wide-Area Protection Systems (WAPS) have also been used to control devices within
the power system. For example, Figure 1 illustrates a prior art system which uses time-
correlated data to monitor and control power systems. The system of Figure 1 generally
comprises a plurality of PMUs 100 a, b, ¢; a PDC 102; a control unit 104 and a
command unit 106. The PMUs a, b, ¢ 100 are placed at various locations of the power
system to acquire voltage and current phasor measurements therefrom. These PMUs
may be adapted to time-stamp such data. The PDC 102 is adapted to collect the
phasor measurements from the PMUs and time-align such data. A control unit 104 is
provided to generally process the time-aligned data and determine whether the
command unit 106 should send a subsequent command to appropriate power system
devices or power system elements for protection and/or control functionality (e.g., shed
generation, insert a system braking resistor or control a Static VAR Compensator).
Nevertheless, the complex system illustrated in Figure 1 consists of a disjointed and
fragmented collection of devices that make the system unreliable and difficult to
implement.
[0005] Several desired benefits of the preferred embodiments, including
combinations of features thereof, of the invention will become apparent from the
following description. It will be understood, however, that an arrangement could still
appropriate the claimed invention without accomplishing each and every one of these
desired benefits, including those gleaned from the following description. The appended
claims, not these desired benefits, define the subject matter of the invention. Any and
all benefits are derived from the multiple embodiments of the invention, not necessarily

the invention in general.

Summary of the Invention

[0006] A power system oscillation detection device is provided for use in an electric
power system. A plurality of sample signals are acquired from the electrical power
system via a plurality of intelligent electronic devices (IEDs) in communication with the
power system. The power system oscillation detection device includes a real-time
modal analysis module and a real-time mode identification module. The real-time
modal analysis module calculates modes of at least one of the signals, each mode

including mode information. The real-time mode identification module determines, from
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the mode information, whether there is an undesirable oscillation in the electric power
system. In yet another aspect, provided is a system for determining whether there is an
undesirable oscillation in the electric power system utilizing the above device.
[0007] In yet another aspect, provided is a method for detecting oscillation in an
electric power system using samples from a plurality of signals from a plurality of
intelligent electronic devices (IEDs) in communication with the power system. The
method generally includes the steps of acquiring the time stamped samples of a power
system signal from one or more of the IEDs; calculating mode information from the time
stamped samples; identifying a mode frequency, amplitude, damping constant, and/or

phase; and detecting power system oscillation using the mode information.

Brief Description of the Drawings

[0008] Figure 1 is a general block diagram of prior art system which uses time-
correlated data to monitor and control power systems.

[0009] Figure 2 is a general block diagram of a system for monitoring and protecting
an electrical power system.

[0010] Figure 3 is a flowchart illustrating a process for monitoring and controlling an
electrical power system using modal analysis.

[0011] Figure 4 is a flowchart illustrating an example of a process for performing
modal analysis in the modal analysis step of Figure 3.

[0012] Figure 5 is a general block diagram illustrating mode identification logic for
performing mode identification in the mode identification step of Figure 3.

[0013] Figure 6 is a general block diagram illustrating mode identification logic for
performing mode identification in the mode identification step of Figure 3.

[0014] Figure 7ais a general block diagram of a device including a modal analysis
module and a mode identification module.

[0015] Figure 7b is an illustration of overlapping sliding data windows which may be
used by the processor of Figure 7a in order to achieve real-time processing.

[0016] Figure 8a is a general block diagram of a device including a signal
conditioning module in addition to a modal analysis module.

[0017] Figure 8b is a screenshot of a user configuration software program for
configuring the conditioning module and the modal analysis module of Figure 8a.
[0018] Figure 9 is a block diagram of a processor including a run-time system for use
in a device for monitoring and controlling an area of a power system by processing
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power system data including phasor data and transmitting control data or signals based

on such processing to other power system devices in real-time.

Description of the Various Embodiments

[0019] Provided is a system and device which receives power system data in real-
time and processes such data using modal analysis to provide oscillation detection in a
power system. Generally, the device is adapted to receive phasor data and process
such data using modal analysis in order to provide among other things oscillation
detection in a power system. The device may be further adapted to send control data or
signals to other power system devices in real-time in order to prevent power system
collapse.

[0020] For example, as shown in Figure 2, a device 200 is provided for detecting
oscillation in an electric power system. The electric power system includes various
elements used for power transmission and/or distribution. As depicted, the electric
power system includes a generator 202 connected a bus 204a via a circuit breaker 206.
Also connected to bus 204a via a circuit breaker is load 208. Power lines leading to
busses 204b and 204c are also connected to bus 204a via circuit breakers.

[0021] Intelligent Electric Devices (IED) in the form of Phasor Measurement and
Control Units (PMCUSs) or relay 210 a, b, ¢ are also connected to elements of the power
system. The PMCUs a, b, ¢ are adapted to acquire power system data including but not
limited to phasor data. The data may include phasor measurements, synchronized
phasor measurements, real values, Boolean values, and the like. More specifically, the
PMCUs a, b, ¢ may be adapted to sample a signal waveform on the elements of the
power system to which they are connected. For example, PMCU 210a may be adapted
to sample a signal waveform present on bus 204a. The signal waveform may include a
voltage or a current waveform. The PMCUs 210 a, b, ¢ may also be adapted to perform
calculations on the sampled signal waveforms to calculate current and voltage phasors
as well as correction factors for modifying the magnitude and phase of each phasor
measurement. The PMCUs 210 a, b, ¢ may further be adapted to acquire other power
system data.

[0022] A device 200 is generally adapted to receive power system data including
phasor data from various locations in the power system via the PMCUs 210 a, b, c.
Device 200 may be in the form of an intelligent electronic device (IED), synchrophasor
processor, phasor data concentrator (PDC), phasor measurement unit (PMCU),
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protective relay, a computing device, or any similar power system device. The device
200 may be adapted to time-align this phasor data or, alternatively, another associated
device (not shown) may be provided to time-align this phasor data. The device 200
generally includes a processor including a modal analysis module for performing,
among other things, vector and scalar calculations on the phasor data along with real
values and Boolean values in a time deterministic fashion, generally about real-time.
More specifically, the device 200 generally includes a real-time modal analysis module
for calculating modes of at least one of the signals, each mode including mode
information. The calculated mode information may include modal amplitude, phase,
frequency, damping constant, and damping ratio. The device 200 additionally includes a
real-time mode identification module for determining, from the mode information,
whether there is an undesirable oscillation in the electric power system. Using this
mode information, the device 200 provides output data and/or signals in order to initiate
various control and/or monitoring functions to control other power system devices or
power system elements.

[0023] Figure 3 is flowchart illustrating a method 300 for detecting oscillation in an
electric power system using modal analysis. Generally, a power system signal is
sampled at various areas in the power system (step 302). The samples include power
system data which further includes, but is not limited to phasor measurements,
synchronized phasor measurements, real values, Boolean values, and the like. These
acquired signal samples are time-aligned (step 304). The time-aligned samples are
processed in real-time for calculating modes of at least one of the signals, each mode
including mode information (i.e., performing modal analysis at step 306). The
calculated mode information may include modal amplitude, phase, frequency, damping
constant, and damping ratio. From the mode information, it is determined whether there
is an undesirable oscillation in the electric power system (i.e., performing mode
identification at step 308). Using this mode information, output data and/or signals are
provided in order to initiate various control and/or monitoring functions to control other
power system devices or power system elements to correct the detected oscillation
(step 310).

[0024] Figure 4 a flowchart illustrating an example of modal analysis process which
may be used at step 306 of Figure 3. The modal analysis process of Figure 4 may
further be implemented into the logic of a device for detecting oscillation in a power
system. As discussed above, modal analysis may be used to analyze the power
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system data including phasor data of various signals from the power system. The data

for each signal may include among other things frequency, phasor magnitude, phasor
angle, analog value, power, and angle difference measurements. The modal analysis
performed at step 306 is achieved by calculating the mode information for each of the
signals. Mode information may include information such as amplitude, phase,
frequency, damping, and damping ratio of the phasor data.

[0025] The modal analysis process may incorporate any number of analysis
methods to determine the mode information of the measurement data. Some analysis
methods for determining mode information include Prony Analysis, Fourier Analysis,
Matrix Pencil Analysis, a Modified Prony Analysis or other comparable modal analysis
methods.

[0026] For example, Prony analysis fits a linear model to a measured signal y(t).
Measured signal y(t) is the output signal of a linear dynamic system. A model may be
represented with poles and residues of the corresponding transfer function. Using
Prony Analysis, mode information of the output signal may be calculated. The mode
information of the output signal corresponds to the mode information of the linear
system that generated the signal.

[0027] A power system model is linerized around its operating point for small signal
stability analysis. The state-space representation of the linearized system has the form
of Equations (1) and (2), where A is the state matrix, Ax is the state vector, Au is a

single input, Ay is a single output, ¢ is a row vector, b is a column vector, and d is zero:

AX=A-Ax+b-Au (1)
Ay=c-Ax+d-Au (2)
[0028] The corresponding transfer function is represented in Equations (3) and (4):
Ay(s) _ < R
G(s) = = : 3
(®) Au(s) gs—ki )
Rizc.r‘i.l‘[i.b (4)

[0029] In Equations (3) and (4), Gis the right eigenvector, I is the left eigenvector,
and A is the corresponding eigenvalue. The system time response is represented in
Equation (5):

y(©=YR, M (5)
i=1

[0030] The discrete representation of Equation (5) for a signal sample at At time
intervals is represented in Equations (6) and (7):
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yk)=D R, -z (6)
i=1
Zi — elyAt (7)
[0031] Equation (6) may be re-written for an observation window of N samples as
follows in Equation (8):
YO L T 2w 2R
Y(:l) — Z} Z12 Zi R2 (8)
R I L)

[0032]
an nth order polynomial (indicated as z;) with q; coefficients that satisfy Equation (9):

The system eigenvalues A i, may be calculated from z. Necessary roots of

z“—(ql-z“‘1+q2-z“_2+---+qn-z°)=0 (9)
[0033]
to Equation (10) to obtain the qg; vector. This model constitutes the linear predictor

The Prony Method uses the measured samples and arranges them according

model that fits the measured signal.

yn-h  y(n-2) yO  Ta] [YE+O]
— _ y(n+1)
S| | y(N=D)
y(N-2) y(N-3) y(N-n-1)]q,
[0034] To fit the measured signal, first the linear predictor model (Equation (10)) that

fits the measured signal must be constructed, and the g; vector must be calculated.
Next, the roots of the characterized polynomial associated with the linear predictor
model must be found (Equation (9)) to obtain z. The roots are used to calculate R; from
Equation (8).
[0035]
mode are calculated using Equation (11):

Eigenvalues, amplitude, and phase for each mode are then determined.
Given the roots (z;) of the polynomial equation, the i eigenvalues for each

[0036]

[0037]

[00381

A, =log(Z,)- Message _ Rate (11)
The mode frequency is calculated using Equation (12):
imag (A
fmode?i = ﬁ
2 (12)
The mode damping constant is calculated using Equation (13):

Damp, = real(4,) (13)

The mode damping ratio is calculated using Equation (14):
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—real(4,)

DampRatio, =
abs(/li) (14)
[0039]  Given the i" residual value calculated from Prony Analysis, the amplitude of
the i™ mode is calculated using Equation (15):

Amp, = abs(Residual.) (15)

[0040] The phase angle of the i mode is calculated using Equation (16):

phase, = atan|: imag(Residual.,) } 180

real(Residual)) | 7w (16)
[0041] Additionally, the estimated signal may be compared against the original
signal. To quantify the quality of the fit, the signal-to-noise ratio may be calculated in
dBs, SNR, according to Equation (17) where y(k) is the original signal and ¥ (k) is the

estimated signal:

SNR =20-log 0 (17)
|9k y(x)|

[0042] A method of implementing the above steps 400 is illustrated in Figure 4. The
power system data stream (including phasor measurements) for each received power
system signal is read into the modal analysis module (at step 402). The power system
data is checked (at step 404) to verify if any data is missing. A matrix (e.g., herein
referred to as Y matrix) is constructed at step 406. The matrix is (N-n) by n, where N is
the window length and n is the estimated number of modes (see Equation (10)). The
singular value decomposition (SVD) based y matrix inversion is used to solve q;
coefficients at step 408. The polynomial equation with coefficients as q; is solved to
obtain z; at step 410. An N by n Z matrix is constructed at step 412 (see Equation 8).
SVD based Z-matrix inversion is performed to solve the R values at step 414. Finally,
mode information such as the amplitude, frequency, damping ratio, and the like are
computed (at step 416) using, for example, Equations (11) — (17).

[0043] Figure 5is a general block diagram illustrating decision and control logic
which may be used at step 310 of Figure 3. The decision and control logic of Figure 5
may further be implemented in conjunction with the oscillation mode identification
process 308 for detecting oscillations in a power system. As discussed above, the
modal analysis process 306 involves the analyses of power system data and calculation
mode information from that data. From this calculated mode information data, the

decision and control logic may be adapted to identify such mode information and
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transmit data and/or signals in response thereto. For example, the decision and control

logic may be adapted to issue an alarm or a control signal which indicates that remedial
action needs to be taken.

[0044] More specifically, as shown in the logic diagram of Figure 5, the logic 500
includes various inputs. The measured frequency f.,i 504 is compared against a user-
defined low threshold fi,w 506 in comparator 514, and against a user-defined high
threshold fiign 502 in comparator 512. If the measured frequency fmi 504 is within the
low and high thresholds, then both comparators 512, 514 assert to junction 518.
Another input is the measured amplitude A, 508 and a user-defined amplitude
threshold Awre 510. These are compared in comparator 516, where, if the measured
amplitude A 508 is greater than the amplitude threshold A 510, the comparator 516
asserts to junction 518. If junction 518 receives assertions from all three comparators
512, 514, and 516, then it enables a damping ratio check in the form of a comparator
520 for comparing the damping ratio against zero. If the damping ratio is negative (i.e.,
the data set indicates negative damping ratio), then the comparator 520 asserts, and a
counter 522 is initiated. If the damping ratio is negative for a time longer than a select
threshold (e.g., the Damping Ratio Alarm), a remedial action 524 is instigated.

[0045] Figure 6 is a general block diagram illustrating another embodiment of
decision and control logic which may be used at step 310 of Figure 3. The decision and
control logic of Figure 6 may further be implemented in conjunction with the oscillation
mode identification process 308 for detecting oscillation in a power system. More
specifically, as shown in the logic diagram of Figure 6, the logic 600 includes various
inputs. The measured frequency fy, 604 is compared against a user-defined low
threshold fi. 606 in comparator 614, and against a user-defined high threshold fngn 602
in comparator 612. If the measured frequency f, 604 is within the low and high
thresholds, then both comparators 612, 614 assert junction 638.

[0046] Another input is the measured amplitude A, 608 and a user-defined
amplitude threshold Awre 610. These inputs are compared in comparator 616, where, if
the measured amplitude A, 608 is greater than the amplitude threshold A 610, the
comparator 616 asserts to junction 618. Another input is the measured damping ratio
{m 628 and a user-defined damping ratio threshold (i 626. These inputs are
compared in comparator 630, where, if the measured damping ratio ,, 628 is less than
the damping ratio threshold (e 626 (indicating that the damping ratio ¢, 628 is less
than the damping ratio threshold . 626), the comparator 630 asserts junction 618. If
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junction 618 receives assertions from both comparators 616 and 630, then it enables an
alarm and a counter 622. If the damping ratio ¢, 628 is less than the damping ratio
threshold e 626 for a time longer than a select threshold (e.g., the Damping Ratio
Pickup, DRPU) as determined by counter 622, output 644 is asserted.

[0047] Other inputs to the logic are the measured signal-noise ratio SNR 632 and a
user-defined signal-noise ratio threshold SNRi 634. These inputs are compared in
comparator 636, where, if the measured signal-noise ratio SNR 632 is greater than the
signal-noise ratio threshold SNRire 634, the comparator 636 asserts output 642 to
junction 638.

[0048] If comparators 636, 612 and 614 assert and the damping ratio is less than the
damping ratio threshold i 626 for a time longer than a select threshold, junction 638
is asserted and a control signal (e.g., a remedial action) 640 is instigated.

[0049] Figure 7ais a general block diagram of the internal architecture for a device
700 including a processor 702 having modal analysis module 704 and a mode
identification module 706 which may be used in the system of Figure 2. The processor
702 may be adapted to perform the process of as outlined in Figure 3. The modal
analysis module 704 may include the process modal analysis 306 as outlined in Figure
3, whereas the mode identification module 706 may include the process oscillation
mode identification 308 and the decision and control logic 310 as outlined in Figure 3.
[0050] More specifically, the processor 702 may be adapted to, among other things,
perform vector and scalar calculations on the phasor data along with real values and
Boolean values in a time deterministic fashion, generally about real-time. These
calculations are generally performed by a modal analysis module 704 which analyzes
the power system data including phasor data of various signals from the power system
to calculate mode information for each of the signals. The data for each signal may
include among other things frequency, phasor magnitude, phasor angle, analog value,
power, and angle difference measurements. Mode information may include information
such as amplitude, phase, frequency, damping, and damping ratio of the input data.
From this calculated mode information data, a mode identification module 706 identifies
such mode information and transmit data and/or signals in response thereto (e.g., issue
an alarm or a control signal which indicates that remedial action needs to be taken).
For example, the received data include phasor measurement data, synchronized phasor
measurement data or synchrophasor data.

[0051] More specifically, the device 700 may generally include a plurality of

10
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communications channels for receiving power system data including phasor data from a

plurality of power system devices or elements associated with an area of the power
system (e.g., from PMCUs 710 a, b). For example, the received power system data
may include data having phasor measurement data, or synchronized phasor
measurement. In one example, each of the power system devices (e.g., PMCUs 710 a,
b) may be communicatively coupled to a current and/or voltage sensor, which may be
configured to obtain current and/or voltage measurements. The current and/or phase
measurements obtained by sensors may comprise measurements of one or more
phases of a three-phase current and/or voltage signal. The power system data may be
transferred via a number of communications messaging or protocols format/structures,
including but not limited to IEEE C37.118 messages (as shown herein), serial
communications, |P/Ethernet protocols (e.g., SCADA, and/or protection messages),
input commands and the like.

[0052] The power system data received from the PMCUs 710 a, b may be time-
aligned in the time alignment and command server module 712 using the time stamps
associated with the power system data. In such an arrangement, the time stamps are
provided by each of the PMCUs 710 a, b. Examples of messaging formats or protocols
which include time information in the form of a timestamp or otherwise include the |IEEE
C37.118 (as shown herein), IEC 61850 and SEL Synchrophasor Fast Message
protocols. It is to note that the time alignment and command server module 712 may be
separate and apart from the device 700 without deviating from the spirit of the invention.
[0053] Alternatively, the device 700 may be adapted to time stamp and time align the
power system data. In such an arrangement (not shown), the device 700 may further
be adapted to receive time information from external time sources such as IRIG and
IEEE 1588 and output such time information to both internal and external time clients.
The time signal may be from a common time source. The common time source may be
any time source available to several devices on the WAN. The common time source
may include an absolute time source. Some examples of common time sources that
may be used include: a clock internal to one of the devices on the WAN; a single clock
on the WAN; a WWB time signal; a WWVB time signal; an IRIG-B signal from e.g. a
global positioning system satellite system; and the like. Using the time source, the
device 700 may be adapted to timestamp any data which is communicated via a
messaging format or protocol which does not support time information. The timestamp
may be generated in any form known in the art, including a Universal Coordinated

11
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Timestamp (UTC), Unix timestamp, an offset time, or the like. Examples of such
messaging formats or protocols which do not support time information include Modbus
and SEL Fast Message protocols.

[0054] In this embodiment, the power system data received from the external
PMCUs 710 a, b is sent to the processor 702. The processor 702 may be in the form of
a Run Time System for data processing in generally about real-time, that is, the
calculations do not exceed a predetermined processing interval. For example, in order
to achieve real-time processing, the processor 702 may be adapted to complete any
processing of the received data before the next set of data is received, or can start an
independent modal analysis with overlapping sliding data windows 750 and 752 as
shown in Figure 7b. For example, as shown in Figure 7b, the overlapping data windows
750 and 752 provide observation windows of about 20 seconds with about 8 seconds of
overlap. Other real-time processing techniques may be implemented without deviating
from the spirit of the invention.

[0055] The processor 702 may be generally in the form of a programmable logic
controller (PLC) or any other suitable processing unit which performs scalar, vector or
other complex calculations based on the aligned power system data to provide control
data or an output signal for effecting other power system devices or elements to provide
local or wide area protection, control, and monitoring to maintain power system stability.
In one embodiment, the processor 702 may be adapted to use the IEC 61131-3
programming language, which is generally the standard programming language used in
industrial control, SCADA system, DCS, and other power system applications.

[0056] The processor 702 may further include a modal analysis module 704, a mode
identification module 706, and a local PMCU 708. The modal analysis module 704
generally analyzes the power system data and determines mode information from that
data. The calculated mode information may include modal amplitude, phase,
frequency, damping constant, and damping ratio. The modal analysis module 704 may
include the process as outlined in Figure 3.

[0057] From this mode information data, the mode identification module 706 may be
adapted to identify such mode information and transmit data and/or signals in response
thereto. For example, the mode identification module 706 may be adapted to determine,
from the mode information, whether there is an undesirable oscillation in the electric
power system. The mode identification module 706 may include the process and
control logic as outlined in Figures 4 and 5. In response thereto, the mode identification
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module 706 may further be adapted to issue an alarm or a control signal which indicates

that remedial action needs to be taken. The command module 712 sends these signals
and/or data to the external PMCUs 710 a, b.

[0058] The processor 702 may further include a local PMCU 708, which may be
adapted to receive calculated mode information from the modal analysis module 704.
The local PMCU 708 may be adapted to analyze the calculated mode information from
the modal analysis module and transmit data and/or signals to an external device (e.g.,
client 714).

[0059] The processor 702 may further include a user configuration module 716
which is coupled to the modal analysis module 704 and the local PMCU 708. The user
configuration module 716 may be adapted to allow a user to define and configure the
instructions or data of the modal analysis module 704. The user configuration module
716 may further be adapted to allow a user to define and configure the instructions, data
or configuration of the local PMCU 708. For example, the user configuration module
716 may be used to configure the data to be transmitted to the client 714. Figure 8a is
a general block diagram of the internal architecture for a device 800 including a
processor 802 having modal analysis module 805. In Figure 8a only, the term “modal
analysis” 805 has been used for simplicity purposes only. This modal analysis module
805 may include both the modal analysis module and the mode identification module of
Figure 7a. Accordingly, the modal analysis module 805 may be adapted to perform the
process of as outlined in Figure 3 and include the process and control logic as outlined
in Figures 4 and 5.

[0060] The Figure 8a device 800 is generally similar to the Figure 7a device 700;
however, device 800 additionally includes a signal conditioning module 803. The signal
conditioning module 803 generally receives the power system data and prepares such
data to be transferred to the modal analysis module 805. Accordingly, the signal
conditioning module 803 prepares or conditions the data so that it is ready for the modal
analysis. For example, if modal analysis is to be performed on a power value, the
signal conditioning block 803 may be adapted to calculate power from the received
power system data (e.g., voltage and current values). The signal conditioning block 803
may further be adapted to associate a time stamp to the calculated power quantity.
Modal analysis and mode identification is then performed on the calculated power
quantity using modal analysis module 805. In yet another example, if the value is ready
to be processed by the modal analysis module 805 without further conditioning, the
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signal conditioning module 803 may be adapted to simply pass the data on to the modal
analysis module 805 (e.g., a voltage or current value to be processed by the modal
analysis module 805). That is, in some applications, signal conditioning is not required.
[0061] A user configuration module 816 may further be provided which is coupled to
the signal conditioning module 803, the modal analysis module 805 and the local PMCU
808. The user configuration module 816 may be adapted to allow a user to define and
configure the instructions or data of the modal analysis module 805 and/or the signal
conditioning module 803. For example, the user configuration module 816 may be used
to configure the data to be conditioned and processed by the signal conditioning module
803 and the modal analysis module 805, respectively.

[0062] Figure 8b is a screenshot of a user configuration software program 801 which
may be adapted to provide the functionality of the user configuration module 816 of
Figure 8a. More specifically, the user configuration software program 801 provides a
visual depiction and configuration tools for the signal conditioning module 803 (as
shown at 803b) and modal analysis module 805 (as shown at 805b).

[0063] Using this configuration software program 801, a user may configure the
signal conditioning module 803b. For example, a user may configure the plurality of
inputs 810 (e.g., for voltage and current data) into the signal conditioning module 803b.
With this data, the signal conditioning module 803b may be adapted to prepare or
condition the data so that it is ready for the modal analysis. As shown in this
screenshot, the signal conditioning block 803b is adapted to calculate power from the
received power system data (e.g., voltage and current values). The signal conditioning
block 803b may further be adapted to associate a time stamp to the calculated power
quantity.

[0064] Using this configuration software program 801, a user may also configure the
modal analysis module 805b. For example, a user may configure the input 811 of the
modal analysis module 805b as the output of the signal conditioning module 803b. With
this conditioned data, the modal analysis module 805b may be adapted to perform the
modal analysis process as outlined in Figure 3 and include the mode identification
process and logic as outlined in Figures 4 and 5. As shown in this screenshot, the
modal analysis module 805b is adapted to perform modal analysis on the conditioned
power data from signal conditioning block 803b. The configuration software program
801 may further be adapted to enable the modal analysis module, configure the number
of the modal analysis instance, configure the number of modes, configure the input
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signal data rate, configure the observation time, configure the sliding window in percent
of the observation time, etc. as shown at 813
[0065] Figure 9 is a block diagram of a processor including a run-time system having
a modal analysis module for use in a device for monitoring and controlling an area of a
power system by processing power system data including phasor data and transmitting
control data or signals based on such processing to other power system devices in real-
time. In this embodiment, a processor 900 is provided having a run-time system 902
having a plurality of configurable power system control modules including a power
calculation (PWRC) module 904, a phase angle difference monitor (PADM) 906, a
modal analysis (MA) module 908, a substation state and topology processor (SSTP)
910, and a fast operate command module 912. Each module defines a set of scalar,
vector and/or other complex calculations for determining control data or an output signal
for effecting at least one of the various other power system devices or elements to
provide local or wide area protection, control, and monitoring to maintain power system
stability of the power system. In Figure 9 only, the term “modal analysis” 908 has been
used for simplicity purposes only. This modal analysis module 908 may include both a
modal analysis module and the mode identification module. Accordingly, the modal
analysis module 908 may be adapted to perform the process of as outlined in Figure 3
and include the process and logic as outlined in Figures 4 and 5.

[0066] Generally, processor 900 includes a plurality of communications channels for
receiving power system data including phasor data, phasor measurements,
synchronized phasor measurements, from a plurality of power system devices or
elements associated with an area of the power system (e.g, synchrophasor servers as
shown at 914a, b). The power system data may be transferred via a number of
communications messaging or protocols format/structures, including but not limited to
IEEE C37.118 messages, serial communications, |P/Ethernet protocols (e.g., SCADA,
and/or protection messages), input commands and the like.

[0067] Power system data may be measured accurately. Nevertheless, such data
may be transferred to the processor 900 at different times due to unequal
communication delays for each type of transferred data. Accordingly, a time alignment
client server (TCS) 916 is provided for correlating and time aligning incoming power
system data to compensate for any unequal communication delays.

[0068] The time aligned power system data is provided to the run-time system 902
similar to the run-time systems of Figures 7a and 8a. The run-time system 902
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generally includes a power calculation (PWRC) module 904, a phase angle difference
monitor (PADM) 906, a modal analysis (MA) module 908, a substation state and
topology processor (SSTP) 910, and a fast operate command module 912, local PMCU,
and User Programmable Tasks 919. Based on the desired power system control, the
run-time system uses one or more of the run-time system modules to perform scalar,
vector or other complex calculations based on the aligned power system data to provide
control data or an output signal for effecting other power system devices or elements to
provide local or wide area protection, control, and monitoring to maintain power system
stability (e.g., synchrophasor client as shown at 918b, or synchrophasor servers as
shown at 914a, b). The input and output of the run-time system 902 is preferably
transferred using the IEEE C37.118 protocol due to the use of synchrophasors.

[0069] Regarding the Run-Time System 902, the power calculation module 904
generally calculates real and reactive power from voltage and current phasors and,
based on such calculation, the user can program tasks for effecting other power system
devices or elements to provide local or wide area protection, control, and monitoring to
maintain power system stability. The phase angle difference monitor 906 generally
calculates the angle difference between two phasor angles and, based on such
calculation, provides an alarm signal if the difference exceeds a user defined threshold.
The modal analysis module 908 is similar to the various embodiments discussed in
Figures 2-8. Accordingly, the modal analysis module 908 calculates and identifies
modes of signals available within the Run Time System and, based on such calculation,
provides control data or an output signal for effecting other power system devices or
elements to provide local or wide area protection, control, and monitoring to maintain
power system stability. The substation state and topology processor 910 identifies
measurement errors, calculates current unbalance and symmetrical components, and
refines voltage and current measurements. Based on such calculation, the substation
and topology processor 910 provides control data or an output signal for effecting other
power system devices or elements to provide local or wide area protection, control, and
monitoring to maintain power system stability. The fast operate command module 912
is adapted to issue multiple commands to activate remote controls.

[0070] These Run-Time System modules are generally programmable such that a
user may customize or define the computations to be calculated thereby via the user-
programmable tasks module 919. The Run-Time System also allows the user to
program custom logic independent of the modules mentioned above or using the
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outputs of the modules mentioned above. Due to the versatility of the various modules

of the run-time system, the processor 900 of Figure 9 may be applied to a number of
power system control applications.

[0071] Processor 900 further includes communications interfaces 920, 922, 924 for
receiving and sending other power system data from a plurality of power system
devices or elements associated with an area of the power system (e.g., IEDs shown at
926a, 926b, 928a, 928b, and Synchrophasor Vector Processors (SVPs) shown at 930a,
930b). More specifically, communications interfaces 920, 922, 924 may be adapted to
receive and transmit power system data that is not related to phasor data. For example,
an IEC 61850-GOOSE interface 920 is provided that may be adapted to send and
receive analog and digital GOOSE messages to power system devices or elements
associated therewith (e.g., IEDs shown at 926a, 926b). An analog and digital interface
922 is provided (such as Mirrored Bits communications channel) that may be adapted to
send and receive analog and input signals from power system devices or elements
associated therewith (e.g., IEDs shown at 928a, 928b). A network interface 924 is
provided that may be adapted to send and receive data (e.g., real, Boolean, complex
values, and the like) to power system devices or elements associated therewith (e.g.,
SVPs shown at 930a, 930b).

[0072] The data received by communication interfaces 920, 922, 924 may be used in
the user-programmable tasks module 919 to perform computations independently of
any phasor data received via the time alignment client and server 916 and send out the
results of these computations via any of the available communications interfaces (e.g.,
at 920, 922, 924, 950, etc.). Alternatively, the data received by communication
interfaces 920, 922, 924 and/or the aligned power system data from 916 may be used
by the run-time system or any one of the run-time system modules to perform scalar,
vector or other complex calculations to provide control data or an output signal for
effecting other power system devices or elements to provide local or wide area
protection, control, and monitoring to maintain power system stability (e.qg.,
synchrophasor clients as shown at 914 a, b).

[0073] While this invention has been described with reference to certain illustrative
aspects, it will be understood that this description shall not be construed in a limiting
sense. Rather, various changes and modifications can be made to the illustrative
embodiments without departing from the true spirit, central characteristics and scope of
the invention, including those combinations of features that are individually disclosed or
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claimed herein. Furthermore, it will be appreciated that any such changes and

modifications will be recognized by those skilled in the art as an equivalent to one or

more elements of the following claims, and shall be covered by such claims to the fullest
extent permitted by law.
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Claims:

1. A power system oscillation detection device for use in an electric power system,
said electric power system including a plurality of intelligent electronic devices (IEDs) in
communication with the power system, each IED sampling at least one signal from the
power system, said power system oscillation detection device comprising:

a real-time modal analysis module for calculating modes of at least one of the
signals, each mode including mode information; and

a real-time mode identification module for determining, from the mode

information, whether there is an undesirable oscillation in the electric power system.

2. The device of claim 1, wherein the mode information calculated by the modal
analysis module is selected from a group consisting of: modal amplitude; phase;
frequency; damping constant; damping ratio; and combinations thereof.

3. The device of claim 2, wherein the determination of an undesirable oscillation is
achieved by comparing the mode amplitude with a select threshold.

4. The device of claim 3, wherein the mode identification module is further adapted

to provide an alarm if the mode amplitude exceeds the select threshold.

5. The device of claim 3, wherein the mode identification module is further adapted
to provide a control signal to initiate a corrective action if the mode amplitude of the at

least one signal exceeds the select threshold.

6. The device of claim 2, wherein the mode identification module is further adapted
to provide an alarm or control signal if an undesirable oscillation is determined in the

power system and the damping ratio is below a select threshold.
7. The device of claim 2, wherein the mode identification module is further adapted
to provide a control signal to initiate a corrective action if an undesirable oscillation is

determined in the power system and the damping ratio is below a select threshold.

8. The device of claim 2, wherein the mode identification module is further adapted

to provide a control signal to initiate a corrective action command to at least one of the
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|IEDs to correct the undesirable oscillation if the damping ratio alarm is active longer

than a select threshold of time.

9. The device of claim 1, further comprising a real-time decision and control logic
configured to provide a control signal to initiate a corrective action if an undesireable

oscillation is determined in the power system.

10.  The device of claim 1, wherein the power system oscillation detection device is
further adapted to receive a selected input signal into the modal analysis module from
one of a group consisting of: frequency; phasor magnitude; phasor angle; analog value;
power; angle difference; and combinations thereof.

11.  The device of claim 1, wherein to calculate the mode information, the modal
analysis module uses one selected from a group consisting of: Prony analysis; Matrix
Pencil Analysis; Modified Prony analysis; Fourier analysis; and combinations thereof.

12.  The device of claim 6, wherein the power system oscillation detection device
further comprises a command module to route the alarm or control signal to selected

external devices.

13.  The device of claim 1, wherein the power system oscillation detection device
further comprises a local phasor measurement unit module that receives the calculated
mode information and transmits such data to an external client for power system

monitoring, protection, automation, or control.

14.  The device of claim 13, wherein the power system oscillation detection device
further comprises a user configuration module adapted to receive configuration inputs
from a user and provide them to the modal analysis module and the local phasor

measurement unit module.
15.  The device of claim 14, wherein the user configuration module output provides a

signal to determine if the output is valid, a time quality signal, a PMCU status signal, a
phasor data signal, a real data signal, a Boolean data signal, a signal that provides
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frequency, a rate of change in frequency versus time, and a reference to an error

description.

16.  The device of claim 1 wherein the real-time modal analysis module is adapted to
determine an estimated signal and compare such estimated signal with one of the
sampled signals, said real-time modal analysis module further adapted to calculate a
signal-to-noise ratio to determine the quality of the fit between the estimated signal and

the compared sampled signal.

17.  The device of claim 1, further comprising a run-time system configured to allow a
user to program logic using outputs of the real-time modal analysis module and the real-

time mode identification module.

18. A method for detecting oscillation in an electric power system using samples
from a plurality of signals from a plurality of intelligent electronic devices (IEDs) in
communication with the power system, the method including the steps of:

acquiring the time stamped samples of a power system signal from one of the

|IEDs;

calculating mode information from the time stamped samples;

identifying a mode frequency and/or amplitude; and

detecting power system oscillation using the mode frequency and/or

amplitude.
19.  The method of claim 18, wherein to calculate the mode information, the step of
determining the mode information of the time stamped samples comprises one selected
from a group consisting of: Prony Analysis; Modified Prony analysis; Fourier analysis;
and combinations thereof.

20.  The method of claim 18, wherein the method operates in real-time.

21.  The method of claim 18, further including the step providing an alarm or a control

signal to a select external device after oscillation is detected.

21



10

15

20

25

30

WO 2009/048964 PCT/US2008/079219
22.  The method of claim 18, further including the step of providing a control signal to

an external device if the alarm is longer than a select threshold of time.

23. A system for power system oscillation detection using modal analysis,
comprising:
a plurality of intelligent electronic devices (IEDs) connected to the electric
power system and adapted to sample a signal from the electric power
system and communicate the samples; and
a local IED adapted to receive the samples, including:
a real-time modal analysis module for calculating mode information
from at the signal; and
a real-time mode identification module for determining, from the
mode information, whether there is an undesirable oscillation in the

electric power system.

24.  The system of claim 23, wherein the mode information calculated by the modal
analysis module is selected from a group consisting of: modal amplitude; phase;

frequency; damping constant; damping ratio; and combinations thereof.

25.  The system of claim 24, further comprising a real-time decision and control logic
configured to provide a control signal to initiate a corrective action if an undesireable
oscillation is determined in the power system.

26. The system of claim 25, wherein the mode identification module is further
adapted to provide an alarm or a control signal if the mode amplitude of the at least one
signal exceeds the select threshold.

27.  The system of claim 25, wherein the mode identification module is further
adapted to provide a control signal to initiate a corrective action if the mode amplitude of
the at least one signal exceeds the select threshold.

28.  The system of claim 24, wherein the mode identification module is further

adapted to provide an alarm or control signal if an undesirable oscillation is determined
in the power system and the damping ratio is below a select threshold.
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29.  The system of claim 24, wherein the mode identification module is further
adapted to provide a control signal to initiate a corrective action if an undesirable
oscillation is determined in the power system and the damping ratio is below a select
threshold.

30. The system of claim 24, wherein the mode identification module is further
adapted to provide a control signal to initiate a corrective action command to at least
one of the IEDs to correct the undesirable oscillation if the damping ratio alarm is active

longer than a select threshold of time.

31. The system of claim 23, wherein the power system oscillation detection device is
further adapted to receive a selected input signal into the modal analysis module from a
group consisting of: frequency; phasor magnitude; phasor angle; analog value; power;
angle difference; and combinations thereof.

32. The system of claim 23, wherein to calculate the mode information, the modal
analysis module uses one selected from a group consisting of: Prony analysis; Matrix
Pencil Analysis; Modified Prony analysis; Fourier analysis; and combinations thereof.

33.  The system of claim 30, wherein the power system oscillation detection device
further comprises a command server to route the alarm or control signal to selected

external devices.

34. The system of claim 23, wherein the power system oscillation detection device
further comprises a local phasor measurement unit module that receives the calculated
mode information and transmits such data to an external client for power system

monitoring, protection, automation, or control.

35. The system of claim 34, wherein the power system oscillation detection device
further comprises a user configuration module adapted to receive configuration inputs
from a user and provide them to the modal analysis module and the local phasor

measurement unit module.
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36. The system of claim 35, wherein the user configuration module output provides a
signal to determine if the output is valid, a time quality signal, a PMCU status signal, a
phasor data signal, a real data signal, a Boolean data signal, a signal that provides
frequency, a rate of change in frequency versus time, and a reference to an error

description.

37.  The system of claim 23 wherein the real-time modal analysis module of the local
|IED is adapted to determine an estimated signal and compare such estimated signal
with one of the sampled signals, said real-time modal analysis module further adapted
to calculate a signal-to-noise ratio to determine the quality of the fit between the
estimated signal and the compared sampled signal.

38.  The system of claim 23, wherein the local IED further comprises a run-time

system configured to allow a user to program logic using outputs of the real-time modal
analysis module and the real-time mode identification module.
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