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INTRODUCTION

At this conference in 1984 it was reported that we at Utah Power & Light were developing the
first portion of something called the Transient Stability Monitoring (TSM) System. It was a
system intended to monitor the key indicators of power system instability (including voltage
phase angle) in a manner that would allow action to be taken in real time——even if that action
were only to record a disturbance.

This system is now installed and has been working in a monitoring mode since January of
1989. We have found some of its strengths and weaknesses over the past few months of
operation, and it is the purpose of this paper to briefly describe the system, relate some of its
performance history, and tell our plans for its future.

DESCRIPTION OF SYSTEM
Overall

The TSM system consists of up to eight (presently six) encoders which send real time messages
over dedicated voice-grade microwave channels to a decoder (presently located in UP&L’s
control center). The encoders are located at key points along UP&L’s backbone transmission
system.

The data being monitored at each encoder location are average 3-phase bus voltage phase angle
and magnitude, power flow in up to four totalized lines, network (breaker) status, encoder
self-diagnostic data, and time interval. In order to get a better feel for why these parameters
are the best indicators for determining the stability of the power system, we found the shaft
analogy helpfull.

All of these data are encoded into an 11-byte message and sent on a dedicated microwave
channel at 9600 bps to a central decoder 30 times each second. At this rate we have a
complete update of data at our control center every two cycles with a worst case data
propagation delay through the system of less than 6 cycles. Such speed provides justification
for the word "Transient” in describing this stability monitoring system.

The word "Stability" comes from the nature of the data being measured. Early in the project,
literature was searched in order to find the most leading indicators of power system
instabilities. We were impressed with both BPA’s R-Rdot relay? and the work at Iowa State’
in pioneering the use of the transient energy function in the direct analysis of power system
stability. Additionally, Steve Walton at UP&L ran some simulations which showed that Angle-
Angle dot was much faster at discriminating between stable and unstable cases for certain
scenarios, than was either R-Rdot or typical R-X out-of-step relaying. Finally, we found
hope in being able to measure voltage phase angle across a transmission system because of the
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work of Giles Missout, et al", at Hydro Quebec.

Based on the above work and motivated by a recent blackout as well as difficulty in
coordinating our multitude of backbone-resident out-of-step relays, we decided to begin an
R&D project to measure all the above indicators of instability in real time.

The word "Monitoring" implies that the scope of the original work was only to monitor power
system stability-—not take control or protective relay action. Indeed, this is the system we have
today.

Encoders

In the paper delivered at this conference in 1984° the details of the TSM encoder were
described. In summary, each encoder measures voltage phase angle by referencing voltage
zero-crossing derived time delays to a 30 pulse-per-second signal (Fig. 1) which in turn is
generated by a 1 pulse-per-second signal from a satellite based clock receiver. This is done
with digital timers. Current and voltage magnitudes are derived from quadrature simultaneous
sampling with both analog and digital filtering.

The measured signals come through conventional PT’s and CT’s, the same as for other relay
and metering equipment. These signal levels are made into small signals by going through
voltage transformers and broadband current monitors, respectively. With the current monitor
arrangement, totalizing line currents for monitoring the real power in more than one line at a
time, is especially easy and straightforward.

Communications

After each 11-byte message is generated by an encoder’s single board computer, it is sent to a
9600 bps modem via an RS-232C module. The software is interrupt driven in such a manner
as to be transmitting a message for the last two-cycle’s interval while the next two-cycle’s
worth of data is being gathered. The modem then immediately transmits each message over a
dedicated voice grade microwave channel to a decoder location where a corresponding modem
and RS-232C module receive the data.

Decoder

The decoder (Fig. 2) consists of modems, two single board computers (SBC’s) operating in
parallel in a Multibus I rack, and an IBM PC/AT compatible computer (PC) with EGA display
and removable optical disk for archiving disturbances. The SBC’s are functionally divided into
preprocessor and main processor.

The preprocessor is kept very busy doing the necessary—but-mundane tasks of receiving the
raw data from all the encoders, checking for errors, bit stripping, byte concatenating, otherwise
qualifying each encoder’s message, and storing the pre-processed data in the main processor’s
memory (across the Multibus).

One of the preprocessor’s tasks is worthy of further note. Since each encoder’s message is
being received more or less simultaneously with the other encoders’ messages, and each message
is part of a nearly constant stream of bytes, some of which might be part of another message,
one may wonder how the decoder keeps all the messages synchronized. Beyond the normal
digital techniques used for such purposes, the decoder uses a "voting" algorithm for this
purpose.

One must first understand that within each message is encoded a "snapshot" number. This
number indicates which thirtieth of a second (0 to 29) its message represents. When the
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preprocessor is ready to qualify channels it first takes a vote as to which snapshot number is
coming from a majority of the encoders. If a particular encoder’s snapshot number is different
from the majority vote, that encoder is disqualified. Such a disqualification could happen (and
has) if a particular encoder’s clock is out of lock with the satellite.

The main processor takes the data which has been deposited in its memory by the preprocessor,
and makes higher level decisions which most closely resemble the decisions in a "relay scheme."
The input data for this processor are absolute fine resolution voltage angle (with respect to the
satellite clock), voltage magnitude, power flows, time interval (implicit in the measurement
technique), and channel qualification.

With this input data the main processor calculates relative (station to station) angles, power
station frequencies, and rates of change. It then implements a variety of schemes for
triggering such as sustained under/overfrequency at given station locations, or the exceeding of
angle vs. rate of change of angle constraints. It can also do power and rate of change of
power calculations, as well as supervise angle triggers with power constraints. When a trigger
has "fired,” the main processor then hands off a code representing the trigger type to the PC
for archiving with the other disturbance data.

The PC "eavesdrops" on the data exchanges described above. When signaled by the main
processor, it begins to record the disturbance data on its optical disk. A typical disturbance
record contains two minutes of data which can be analyzed at a later time by a number of
methods. Also, when not archiving a disturbance, the pc paints a graphic screen in real time
with voltage phasors so one can look at the state of the system at a glance and get a feel for
frequency deviations, system stress, and disturbance-inspired instabilities. Other real time
displays of angle-angle dot and a table of communication exceptions are also available.

FIELD EXPERIENCE WITH SYSTEM
Disturbance Records

In the fall of 1988 the TSM system was starting to trigger and record files as an integrated
system. However, it soon became apparent that it was triggering on noise most of the time,
and we had no adequate analysis tool by which we could examine the very large (375600 bytes)
data files which were being generated to find exactly what trigger fired, when it fired, and on
what kind of data. Without such a tool we couldn’t properly solve our trigger problems.

By late December, 1989, we completed developing such a tool. We called it the "TSM
Oscillogram." The next several figures (starting with Fig. 3) are TSM Oscillogram records.
These were printed using PC compatible computers and simple dot matrix printers. Using this
kind of output with the color resolution of an EGA graphic display, we were able to work out
enough of the trigger bugs so that on January 29, 1989, the TSM system recorded its first
verifiable power system disturbance. And a short time later it was triggering reliably——usually
on over/under frequency at one of two different substations.

The first oscillogram (Fig. 3) shows what happened to the angles during a March 2, 1989,
Pacific Intertie separation which transfer tripped the breakers at Four Corners in order to
minimize loop flow. Note that the angle at UP&L’s Pinto substation (tie line to APS’s Four
Corners) leads all other stations prior to the trip. Also note how large the pre-trip angles are
among all the stations. Then when the transfer trip occurs, all the angles suddenly shrink and
Pinto almost merges with Emery in a damped oscillation.

The effect that this has on power flows is especially evident by looking at the power plot for
Pinto substation (Fig. 4) for the same disturbance. Through studying such plots one gets a
good feel for power flow being the result of angle difference. This is further reinforced by



4

reference to Figs. 5 & 6 which show the restoration of the Pacific Intertie and corresponding
resumption of power flows with attendant expansion of voltage angles.

Figurc 7 shows a typical response to a major local disturbance. In this case lightning struck a
major 138kV substation, causing much damage and interruption of load. By referring to the
voltage magnitude plot we see that multiple strikes occurred, dragging down the voltage on the
backbone. At the same time we can see the effect of these hits on angle. Additionally, we
can see that when the last lightning hit occurs, the Mona angle goes flat. Referring to the
diagnostic data we find that one of the "unqual’ traces goes high at this same time. Further
examination on a color monitor would show that at this time the signal from Mona substation
became unreliable and the decoder therefore temporarily disqualified Mona’s data for security
reasons. It was this kind of diagnostic capability that allowed us to initially troubleshoot the
triggers as described above.

It is perhaps appropriate to point out here that all of the plots referred to so far are actual data
from actual disturbances—-not simulations. Indeed, one of the justifications for this system was
that it would provide excellent feedback to planning’s time step simulation studies which was
heretofore not available. With this said we now conclude our "tour" of TSM oscillograms with
plots of an "emulated transient instability” (Fig. 8).

This figure plots data which is not actual; it is included here because it clearly shows
something which is only inferred in other plots of actual data. Note the relationship between
angle and frequency. In this emulation we see a rather severe increase in angle followed by an
abrupt change in angle going the other direction (unlikely to occur in the real world) which
eventually settles down. At the same time the frequency plot displays two things: First, it
shows that frequency is the slope (or time derivative) of angle with respect to its deviation
from 60 Hertz. And second, we often speak of "the frequency of the system" as if there were
only one frequency for the whole system. While this may be true in the steady state, it is
definitely not true during disturbances. This is shown in this frequency plot with Mona,
Emery, and Camp Williams clearly undergoing different frequency excursions for the same
disturbance. In general, the station closest to the biggest disturbance will have the largest
change

in frequency and the fastest angle change. Such insight could also help in setting
underfrequency relays.

Clocks

Up to this point we have exclusively used the GOES time system for synchronizing voltage .
angle data. This system was primarily designed for hurricane monitoring with time transfer
(which we use) as a secondary function. When we chose this system in 1983, it seemed the
most cost effective way to get the time resolution we needed. Each receiver cost $4-5,000 and
was thought to give the time to less than 50 microsecond resolution (one degree at 60 Hertz is
46 microseconds).

In the ensuing years we have found that the clocks have not given the level of resolution we
sought, and that a best resolution of 100 microseconds is all that can reliably be expected when
regularly calibrated. We also found that regular calibration is something which is expensive
and time consuming, requiring a more accurate and precise clock than those being calibrated
(which we did not have), so we only calibrated our clocks once with a loaned clock in
December of 1987.

The GOES time transfer system also has other drawbacks which we found difficult to deal
with. First, the frequency of transmission is a single 468 MHz. This introduces two sources of
interfcrence: land mobile radio and VHF channel 14 television. When we first implemented the
system, it was thought that we could live with the land mobile interference, and we didn’t
even know of the possible channel 14 interference. Besides, the nearest channel to 14 in our
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broadcast area was channel 11. Since then we have found significant daytime interference at
many locations (most likely from land mobile radio or perhaps solar activity) and the Salt Lake
television market has allowed two more stations: 13 and 14. We were able to get around the
channel 14 interference with a special cavity filter, but the daytime interference remains.

Another problem we discovered is that the GOES system requires the use of directional
antennas pointed at the satellite. Because of signal strength considerations we chose to use the
GOES-West satellite. A few years ago the GOES-East satellite lost its imaging system for
hurricane tracking, so the decision was made to move the GOES-West satellite from an over—
the-West—Coast position to a center~of~the—country position. Of course this degraded our
signal strength on those receivers which did not redirect their antennas to compensate.

We also noticed other problems with this clock system, but suffice it to say that the GOES
system as it stands is only marginally adequate for the task of synchronizing voltage phase
angle in a monitoring-grade system. However, it is adequate for Sequence of Events
applications if properly maintained.

Communications

Presently the communications between each encoder and the decoder only uses parity checking
across our company microwave system. The modems are UDS 9600’s which are set to
constantly transmit in one direction. This is done because there is no time to retransmit a
message if one is found to be in error.

In the decoder we have implemented a real time display reporting on communications
exceptions. This report gives the number of times the system experienced loss of carrier,
parity errors, and buffer overflows (4-byte deep receiver buffer) for each channel.

Our experience since January 1989 has been that a channel without serious problems will
experience perhaps 50 losses of carrier, hundreds of buffer overflows, and ten thousand parity
errors each month. To put the parity errors in perspective, the system transmits nearly 20,000
bytes on cach channel each minute, and each byte contains a parity bit. So in a month’s time
an average channel will have 30 seconds of "bad" data, or, said another way, one byte in
86,000 will be corrupted.

Also, since the installation of the system (our first encoder was installed in 1986) we have had
two serial module failures and three modem failures—~two in the last three months.

Other Experiences

In 1987 we noticed that occasionally an encoder’s firmware program would go into an endless
loop, requiring a man to go to the substation and press the RESET button. Attempts to isolate
and solve this problem with better programming met with only partial success. So in 1988 we
implemented a "watchdog timer" circuit for each encoder. Most watchdog timers watch for loss
of power, initiating orderly shutdown when power failure is imminent. But these timers watch
for an interruption in program generated timing pulses. If they ever stop for longer than two
seconds the watchdog timer resets the program.

In early 1988 we were informed that at our Treasureton substation the TSM encoder was
interfering with the proper operation of the GOES clock. Upon checking we found that there
were ground loop problems in the control building between the clock location in the SOE
cabinet and the TSM location about 50 feet away. Apparently the coaxial cables with which
we were getting the pulse signals from the clock were transmitting 60 Hz. ac to the clock, thus
interfering with its program. The obvious solution was to isolate the signal coming to the
clock since "floating" either cabinet was not an option. However, this proved difficult to do
without introducing unacceptable delay into the signal through the isolator. We tried both
pulse transformer and optical module isolation and found neither to be fast enough. Recently,
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however, we found a fiber optic cable solution with only a one microsecond delay. This will
be implemented soon.

FUTURE
Modifications

The TSM system, as it exists today, gives us valuable information. However, we feel that in
order to be made truly reliable as a monitoring system and (perhaps someday) as a control
system, certain things must be done. These are budgeted beginning in 1990 and described
below.

The most significant upgrade for the system is to replace the GOES clock receivers with Global
Positioning System (GPS) clock receivers. Presently GPS receivers are very expensive ($12-20k,
depending on options), but the GPS system is far superior to the GOES system in many ways——
too many to go into here.

With a GPS clock receiver having a 30 Hz output the TSM encoder firmware will be greatly

simplified——especially if it is rewritten in "C" instead of its original assembly language. This

we plan to do. While we are rewriting the code, we will also change the error checking from
parity to CRC. This will not only improve the quality and efficiency of the error checking,

but also allow us to double the transmitted resolution of every measurement,

Other changes are contemplated which are more mundane, yet necessary, such as improved
simulation for better trigger testing and fiber optic signal isolation.

Expansion

With UP&L’s recent merger with Pacificorp we are not really expanding the number of
encoders, but we are taking the opportunity to move one of the existing encoders to the Jim
Bridger plant in Wyoming. Other relocations/expansions (such as on-line graphic power system
stress indication) will be considered, depending on the outcome of the 1990 changes.

CONCLUSION

The TSM system is finally a reality at UP&L, but in order to make this tool more useful we
must learn from its brief performance history this year and upgrade a few things. There are
many applications awaiting such a system-—everything from rapid state estimation to real time
static var control to (someday) global instability protection. Such applications could make our
present power systems more trim and responsive to customers’ needs. It is hoped that this step
we have taken will help in the effort toward such systems,

THANKS
Thanks to Paul Dalpiaz and Jim Tucker at UP&L for providing the vison and support for this
project. Also, the work of Sims Duggins at UP&L was invaluable in programming the real
time display screens for the decoder as well as some of the software enabling post mortem
analysis of disturbance data.
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FIGURE 8

"4-PLOT" OF EMULATED TRANSIENT INSTABILITY
~DISTURBANCE NEAR MONA SUBSTATION



