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n interconnected power system is one
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granted by the general public; only when
some catastrophic failure takes place is power
system stability seen as newsworthy.

Faults occur on power systems, most often
through natural phenomena beyond human
control. However, a well designed system will,
for the most common faults, recover automat-
ically and continue power delivery with very .
little inconvenience to its customers. This
level of performance is achieved at a high cost
in terms of manpower and equipment. In the
future, the market economy is likely to force .
power systems much closer to their limits of
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stable operation, and operating decisions will | 1100
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300

1 1

T T
500 g00
Tirne in Seconds

T
400 800

current practice of extensive offline simula-
tion of a comprehensive set of possible sys-
tem operating conditions.

The massive breakup experienced by the
Western North American Power System on
August 10, 1996, has focused national atten-
tion on the problem of power system dynam-
ic security. The final breakup was caused by
the unstable oscillation which started at

Figure 1. Oscillations on the WSCC system, August 10, 1996

The market economy forces systems closer
to their stability limits, and operating
decisions must be based on accurale,
online system information and simulations

about 725 s. This was the culmination of a
number of automatic system protection
actions that triggered following a fault on a 500-kV line.
Post-mortem analysis of monitor records, such as that in
Figure 1, suggests that potential oscillation problems may
have been predictable. Such predictions will be essential
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if operators are to maintain system security close to the
limit of system stability.

Using offline simulation studies, it is not possible to
predict the behavior of a system under a sequence of
faults outside the design criteria, such as the sequence
that caused this Western Systems Coordinating Council
(WSCC) breakup. Online simulation has reached neither
the required level of speed nor the detail of modeling
accuracy necessary for online dynamic security.
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An interim solution is to rely on continuous monitor-
ing of the system dynamics. This can be viewed as a
form of measurement-based dynamic security analysis.
In the Western Power System, the technology and infra-
structure that this requires are being developed as
extensions of the Department of Energy/Electric Power
Research Institute Wide-Area Measurement System
(WAMS) Project and related efforts. These efforts are
directed towards providing essential support for:

= Early detection of system problems, enabling cost

reductions through performance-based mainte-
nance and providing a safety check on network
loading

& Refinement of planning, operation, and control

processes to allow best use of transmission
capability

# Realtime determination of transmission limits.

Any tools developed must be user friendly and allow
ease of use under the stressed conditions of online oper-
ation. The infrastructure must also include adequate
communication links so that information can be dissemi-
nated to and discussed by expert technical staff widely
separated geographically.

Dynamic Information

Technologies Package

Bonneville Power Authority (BPA) began to develop inte-
grated monitoring and analysis tools to meet the need
for accurate and coordinated dynamic power system
information in 1990. The Dynamic Information Technolo-
gy Package (DITPak) has evolved, and it now includes
virtual instrumentation using LabVIEW software, modu-
lar and readily networked measurement hardware,
streamlined analysis software in a MATLAB working
environment, and optional use of familiar workstation
tools for display and report generation (Figure 2).

It has been explicitly designed to accommodate
future technology advances as they are introduced.
Development of the package has been a collahoration
between many individuals and organizations (principal-
ly BPA, the Pacific Northwest National Laboratory
(PNNL), the Universities of Montana and Colorado, and
key vendors). This has assured that the package meets
the wide range of requirements likely to be necessary in
future power system operations. The package consists
of three elements;

& Portable Power System Monitor (PPSM). An inter-
active measurements workstation with an option
for virtually continuous recording. Integration of
multiple-site data is facilitated by optional use of
satellite-synchronized precise time measurements.

# Power System Identification Toolbox (PSITools). A
graphical user interface using MATLAB that allows
access to advanced FORTRAN, multioutput Prony
analysis, and conventional Fourier analysis. These
may be combined with frequency domain options
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Figure 2. DITPak architecture
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Figure 3. DITPak functionality

Figure 4. PPSM units in service in 1996
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to fit models to observed system response. Modal
analysis results are particularly useful for controller
design and for refinement of computer models.

# Portable Dynamic Analysis and Design System
(PDADS). Based on the widely used MATLAB script
language, PDADS provides integrating tools and a
user interface. It provides access to all MATLAB
tools, together with control and data exchange
interfaces to the PSI Toolbox and the PPSM. It also
supports custom, menu-driven graphical interfaces
for specific application environments.

DITPak was expressly engineered to extract dynamic
information from sources such as:

& System disturbances

camples = [ 02641 : 33000] |
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Figure 5. Ambient fluctuations in bus frequency, Tacoma
and Kyrene substations, April 15, 1996
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Figure 6. Coherency of ambient fluctuations in bus fre-
quency, Tacoma and Kyrene substations, April 15, 1996
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# Ambient system conditions using spectral signa-
tures, correlation analysis, and open-loop/closed-
loop spectral comparisons

& Direct tests with random low-level signal injections,
network switching, and high-level pulse or step
inputs.

Figure 3 shows the functionality of DITPak.

Measurements and Analysis of Events

in the Western Interconnected System

At present, there are some 20 PPSM units in service
across the western power system (Figure 4). Under the
WAMS Project, these are being interfaced with critically
placed measurement systems of other types, primarily
those based upon phasor measurement technologies.

Ambient Data Analysis

Figures 5 and 6 show an example of wide-area correla-
tion involving the bus frequency at the Kyrene substa-
tion in Phoenix, Arizona, and the bus frequency at the
Tacoma substation, near Seattle, Washington. The Taco-
ma measurements were recorded at the central monitor
at the Dittmer Control Center. The signals were obtained
under ambient conditions from ordinary frequency
transducers. The substations are about 1,000 miles
apart, and Global Positioning System (GPS) synchroniza-
tion was not used.

The coherency between the signal and other spectral
functions shows the existence of particular oscillatory
modes. Simulation models can be compared with these
measured results for validation, and any subsequent
changes in the spectral signature can be used to give
warnings of system changes to system operators.

Response to Major Disturbances

Signals from major disturbances are a good source of infor-
mation concerning the behavior of oscillatory dynamics
and of the control systems that affect them. The response
caused by a generator tripping at the Palo Verde plant near
Phoenix is particularly useful in determination of the fre-
quency and damping of the dominant north/south oscilla-
tory mode across the Pacific ac intertie.

Figure 7 shows limiting cases among five trips dur-
ing the winter of 1992-1993. From this figure, the fol-
lowing information about this north/south oscillation
may be inferred:

# The frequency and damping of the mode vary con-

siderably during normal conditions.

m The damping can reach values low enough to be

considered potentially dangerous.

@ The measured signal response is dominated by the

mode. This mode-shape information indicates that
Palo Verde is a good location for observing the
effect of damping controls and suggests that Palo
Verde itself may be a good location for controls to
damp the mode.



Figure 7 is just one among #

many examples gathered through  Monitoring and analysis tools must be user friendly
collective efforts of the WSCC and allow ease of use under
system oscillation work groups .
and, more recently, through the the stressed conditions of online operation
WAMS project.

The August 10 breakup provid-
ed ample opportunity and incen-
tive to examine such oscillations
under more extreme conditions. 400
Figure 8 shows PSITools being
used to analyze PPSM records -~ 0:28Hz @ 7.5% damping
taken just prior to the final sys-
tem breakup. 0 \

Low-Level Response Tests

Figure 9 shows the measurement
scheme used to determine a model
of a hydraulic turbine. Using system
response fitting routines within PSI-
Tools, a model was determined that
was able to represent the turbine
characteristics much more faithful- /
ly than the normally used mathe- o
matical model. A comparison of the
actual and model responses is
shown in Figure 10.
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. Figure 7. AC intertie response to Palo Verde unit trips, December 8, 1992, vs.
Post-Disturbance March 14, 1994
Monitor Issues
A system upset on the scale of the
August 10 disturbance triggers a
number of actions among the con-
cerned utilities. Questions like
what happened, why it happened,
and how to avoid it in future opera-
tions have to be answered as a
matter of urgency. WAMS and DIT-
Pak were very useful in this post-
mortem analysis.

The next challenge is to recog-
nize warning signs while there is [l
still time to make changes and pre- '
vent such failures from occurring.
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