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REAL TIME DIGITAL ENCODING AND TELEMETRY OF
KEY POWER SYSTEM TRANSIENT QUANTITIES

ABSTRACT

The real time availability of system voltage phase angle,
bus voltage magnitude, circuit breaker status and power flow
on key lines and/or generating wunits, from stations many
miles apart, may allow improved monitoring of system
transient response to actual disturbances. A discussion of
the potential value of a system which encodes, telemeters,
and decodes these data is presented. One implementation of
such a system using common digital hardware and
communications protocols is described in detail, and possible
uses of this kind of system in the future which might evolve
in dindication, control, and protection applications are
mentioned.

INTRODUCTION

Being a "Western"  wutility, Utah Power & Light Company
often has features in common with other Western wutilities.
Among these features are (1) generation remote from load, (2)
long transmission lines, and (3) occasional transient
stability concerns due to either internal system problems or
external ties subject to power flow around the "Western
Doughnut."”

In an effort to protect against these potential stability
problems, UP&L planning, protection, and operations engineers
have met as necessary to devise solutions to specific
problems on a case by case basis. The result of two decades
of such meetings is over eighty out-of-step (00S) relays
(mostly SLLP) on UPRL's transmission system, each with its
own zones of protection overlapping other zones in an attempt
to achieve coordination of protection according to classical
relaying practice. Overlayed on this network of 00S relaying
are a number of "stability schemes,” each designed for a
specific possible disturbance or class of disturbances to
which the UP&L system is particularly vulmerable.

The ©protection system just described 1is felt to be
generally sound, especially when coupled with a
well~designed, normally-stable transmission system and using
the existing state of the art in protection. But this does
not mean that the system is without its weaknesses or that it
can handle all contingencies.

Out-0f-Step Coordination Problems

During the past few years one of these weaknesses has
repeatedly presented itself every time a meeting has been
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held to discuss a particular stability concern: We have
found that our out-of-step relays have become increasingly
difficult to coordinate --- both with other 00S relays and
with the stability schemes mentioned above. This
coordination problem seems to stem from one of two more-
fundamental problems: either a neat and orderly procedure
for coordinating 00S relays has not been discovered and
documented, or 00S relays lack some basic property which
would otherwise allow their ready coordination. In other
words, either we haven't found the procedure or it doesn't
exist.

This paper is not meant to be a treatise on the existence
of an elegant coordination procedure for out-of-step relays.
Rather, implied in the <efforts documented herein is the
belief that in order to significantly improve the capability
to sense transient instabilities, we must search beyond the
local impedance plane used by 00S relays.

Blackout Provides Mandate

On January 8, 1981 three of UP&L's EHV transmission lines
tripped out nearly simultaneously due to a freak accident in
the Salt Lake Valley. Unfortunately, these 1lines were
carrying nearly all of the power from UP&L's generation
complex in Emery County (150 miles south of Salt Lake) to the
major load centers in and near Salt Lake City.

The result was a blackout lasting several hours
throughout most of Utah., In the "post-mortem analysis" it
was determined that if someone or something could have pieced
together what was happening in the first several seconds of
the disturbance and tripped off one of the units in Emery
County, the necessity of a "cold restart" of our coal-fired
units would likely have been avoided.

One «could reason, perhaps justifiably, that no matter
what one does to attempt to prevent such occurrences, they
are going to happen. It's just part of life. While this may
be true, it was decided that if measures could be taken to
reduce the probability of another general blackout, without
spending an inordinate amount of money to do so, the effort
should at least be attempted,

It is with this mandate that serlous investigations into
improving transient instability sensing began at UP&L.

Added Incentive

At the time of the 1981 blackout, another potential
problem was Dbrewing. UP&L was then studying the impact of
the addition of a very large block of coal-fired generation
electrically near its system. Most of the power from this
addition was scheduled for use remote to the UP&L service
territory through external transmission.
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UP&L's studies indicated that if, for some unforseen
reason, the power from this generation were to suddenly
re-route itself into UP&L's system, there would be no way to
detect this occurrence quickly enough, with the present state
of the art, to keep the UP&L system from going unstable.
This was, of course, of great concern to our power gaystem
planners, and provided additional incentive to find a fast
and reliable way to detect and prevent transient
instabilities in the power system.

SELECTION OF MEASURED QUANTITIES

As described above, we began to see , in general, cases
within the UP&L power system where a stability problem
originated in one location, was first sensed by conventional
relaying in perhaps a second location, and required quick
action to be taken in possibly a third location.

These kinds of scenarios caused us to do some re~thinking
of our protection ©philosophies as applied to stability
problems in the power system. Some of this reasoning
follows:

Looking At Protection

Protection of any part of the power system can generally
be subdivided into these four tasks:

(1) Determining what happened (what kind of disturbance)
(2) Determining how much time is available before
some kind of action must be taken
(3) Determining what action is most appropriate
(4) Taking the appropriate action

In conventional relaying, where the emphasis is on
protecting a relatively small, well-defined zone of the power
system, the above four general tasks can be stated as:

(1) What kind of fault was it and was it

internal or external to the zone?
(2) Is equipment damage (usually thermal) imminent?
(3) Isolate the zone if internal damage is imminent.
(4) Trip appropriate circuit breakers to isolate.

Tasks (1) and (2) are usually accomplished because the
relay has within it the ability to model the damage curve of
the zone of the power system for which it has responsibility.
Whenever zone conditions approach the damage curve, the relay
closes a contact to accomplish task (4). The capability to
coordinate these zone-based relays comes from the zone
equipment having sufficiently predictable behavior during
faults so as to allow a reliable fault study to provide
information for discriminating settings. The appropriate
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action to be taken (3) is usually determined beforehand by
the protection scheme wiring according to the philosophy held
by the protection engineer,

Looking at Transient Instability Protection

With the above as background, it can be seen that when
out-of-step relays are implemented, they are part of a much
larger concern than protection of a limited zone. Hence much
greater demands are made of them -~- probably demands greater
than they are capable of handling. Let us call this larger
concern "Transient Instability Protection™ and proceed to
subdivide it into its component tasks as we did before with
conventional zone-based relays. These tasks are:

(1) Determining what happened

When a disturbance occurs which might potentially cause a
transient instability, it does not necessarily occur within
or even near the =zone of protection of an impedance-based
relay where its ultimate effects might be severely felt.
These disturbances are often the kind which ©produce an
imbalance or weak link between generation and load. And
since the trend is toward using our transmission facilities
to wheel more and more power across great distances, it 1is
possible that the «cause of the disturbance is hundreds of

miles remote to the zone of such a relay. Hence it is
unlikely that any impedance-based relay could reliably infer
what happened outside its zone. For transient d1nstability

protection, a more global sensing quantity (or quantities) is
required.

(2) Determining how much time i1s available before
some kind of action must be taken

This depends on how severe the disturbance is and where
it dis within the total interconnected system. Once again,
some kind of global evaluation must be made, and usually very
gquickly.

(3) Determining what action is most appropriate

Action must be taken which will match remaining system
generation to system load through remaining transmission with
acceptable margin for contingencies and errors.

(4) Taking appropriate action

It may be that the appropriate action from (3) above
requires the shedding of a block of generation or load in a
part or parts of the system remote from where the problem is
first sensed and/or evaluated. This reguires appropriate
communications channels.,



00S Revisited

So returning to the subject of out-of-step coordination,
it appears that there 1is good reason to question the
existence of a "clean" 00S coordination procedure. This is
because 00S relays, being impedance based and local in scope,
are are not well suited to correct transient instabilities in
a complex interconnected power system.

This does not mean that they have no application to
stability problems whatsoever. Indeed they do have limited
application --- especially where it becomes necessary to
separate two relatively independent systems 1in order to
prevent a fatal instability from propagating. But they do
not contain enough intelligence by themselves to correct such
instabilities in a complex interdependent network.

If Not Impedance, Then What?

In attempting to dimprove our transient instability
protection capability we first sought out the "best"
quantities for sensing stability in a power system. This
effort included a literature search, consultation with
experts, and running some cases with a transient simulation
program to verify that the quantities under consideration
were indeed wuseful in discriminating between stable and
unstable cases.

At this point in time we believe we have found five
quantities which are "good"” indicators of the transient
stability of a power system. However it must be understood
that we do not know for sure (and perhaps never will) that we
have found the "best” indicators. This is because the "best"
indicators are those which are key parts of the "best"”
stability theory, and it is the nature of theory that its
"bestness" or "correctness" always remains an open question.

It might be found that perhaps two of the five indicators
are of little actual value, or of great value, but only for
one percent of the cases. It might be that all of the five
are necessary, but their most effective combination has yet
to be discovered, or that they are all necessary, but not
wholly sufficient for the desired task. In any event, the
chosen indicators are all measurable in the real world and
are listed below. A detailed discussion of why they were
selected will be left to other forums.

Measurable Indicators Of Transient Stability

(1) System Voltage Phase Angle (delta)

(2) Bus Voltage Magnitude

(3) Power Flow On Key Lines/Units

(4) Network (Circuit Breaker) Status on Key Lines/Units
(5) Time
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Brief Discussion of Selected Indicators

As a general note 1t should be mentioned that the
realization of the importance of one or more of these
indicators to transient stability is not original with the
present effort. Original thinking about this theory goes
back at least four decades and marginally successful efforts
to actually measure system voltage phase angle across a power
system were made at UP&L and probably at other wutilities as
well, at 1least as early as the 1960's. More recently,
greater success was realized at Hydro Quebec as technology
improved [1]. It~ 1is 1largely due to this continued
improvement in technology that we have any hope of realizing
our goals in this project.

System voltage phase angle is a good early-on indicator
of stability problems because it is the driving force behind
ac power flow, It is sometimes visualized as the "twist™ in
the electrical "shaft" which is the ac transmission line.
And instability begins when this metaphorical shaft is on the
verge of breaking.

Bus voltage magnitude mneeds to be measured to see if
minimum or maximum constraints are violated. Also, it is a
key indicator in power transfer/stability theory and hence
might be useful as a triggering gquantity.

By "network status" we mean whether a key transmission
line or generating unit is in service, on line, or connected
to the system. This is important in determining how much of
the "disturbed” system remains to absorb the shock of the
disturbance.

Real power flow and time are measured so energy can be
calculated and events can be sequenced. The ultimate value
of measuring any of the above quantities is the ability to
track where and how much energy (especially de-stabilizing
energy) resides as the stability excursion progresses.

SCOPE OF THE PRESENT WORK

The present effort has been given the name "Transient
Stability Monitoring (TSM) System."™ Its purpose is basically
to measure the five stability indicators listed above, thirty
times per second, from up to eight locations throughout the
UP&L system, encode them into a compact message, and send
them in real time to a decoder. The decoder then checks for
disturbance data and stores anything that looks interesting
(including some pre-disturbance data), all in real time.

It should be made very clear at this time that the TSM
system's purpose is merely to gather and record instability
data for later analysis and comparison with computer
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simulation of disturbances. This is for the purpose of
verifying the correctness of our computer modeling of the
system under transient conditioms and for real time

evaluation of system performance.

The present effort is not to control major substation or
plant equipment based on the data received from the remote
encoders described above. However the encoders were designed
with the hope that if, some day, it was determined that the
data were reliable and useful, and that we had confidence in
our correct interpretation of the data, we could conceivably
take some action toward transient instability protection.
But we do not expect to reach this point in the near future.
There are too many unanswered questions and potential
pitfalls; nevertheless there is a glimmer of hope.

PHASE ANGLE TECHNIQUE

The technigue we use to measure phase angle is based upon
the same concept as Missout, et al. used [1]. (See Figure 1.)
It relies upon a reference pulse being received at each
station of interest throughout the system once each second.
This pulse is made to arrive at each remote encoder at
virtually the same time, thus synchronizing every encoder's
operation to a common reference. This synchronizing pulse is
then divided down into 30 synchronized pulses per second
(30pps pulse). Then, at every encoder a counter is started
at each 30pps pulse. The counter is read when a given
phase's (say A phase) negative-going =zero «crossing is
encountered at each respective station. The difference in
counter values between any two stations represents the
relative phase angle between them.

The reference pulse for this technique can come from any
of a number of timing systems. One may refer to [2] for a
treatment of the systems from which to choose. We chose to
obtain a reference pulse from the Arbiter 1026B GOES
satellite clock receiver. Some considerations in using this
reference as well as satellites in general are given later in
the paper.

Approaching Positive Sequence

When considering the technique we would employ to measure
phase angle, we became aware of the desirability of obtaining
positive sequence voltage magnitude and phase angle as
opposed to raw unfiltered single phase voltage [3].
Therefore we <chose a technique which would be nearly
functionally equivalent to the measurement of positive
sequence voltage.

The expression for positive sequence voltage (El) is
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El = 1/3(Ea + aEb + a?Ec) (1)
where all E's are phasors and a = 1[120°

We notice that in (1) El is one third the vector sum of
the three phase voltages, all normalized to am A phase
location. Under balanced, pure 60-Hz conditions, El = Ea.
However, as pointed out in [3], either a phase imbalance or
the presence of harmonics can cause both magnitude and angle
differences between Ea and El.

In deciding how to account for these differences, we
first looked at possible causes of phase imbalance and
harmonics in our application. Since in our application the
voltages measured are from EHV lines, we thought it to be
unlikely that significant steady-state imbalances would exist
and if they did, their effect on phase angle would be small.
This left wus with the transient case. During a fault, for
example, the faulted phase is sometimes distorted. For this
case we have third order Butterworth analog prefilters
combined with third order non-recursive digital filters on
each voltage and current input. This filters out most
magnitude distortions which might be present.

Phase distortions which might be present due to
inaccurate =zero crossings from perhaps some lingering offset
are filtered in the software with a "smoothing™ routine
employing second order regression analysis. And as a final
measure to approach positive sequence sampling, all three
phases are measured both in phase (zero crossing detection)
and magnitude (analog input), then averaged. This ensures
that dinaccuracies due to single phase perturbations are kept
to a minimum.

Looking again at (1) we can see that the positive
sequence operation 1is merely a way of averaging the three
phases, taking into account both magnitude and angle. Also,
this operation 1is sensitive to harmonics in the system, and
hence requires prefiltering. Viewed this way, it can be seen
that the filtering and averaging dome with the present
technique, is nearly functionally equivalent to measuring
pure 60-Hz quantities, then operating on them in a positive
sequence fashion. The authors have not yet takenm the pains
to compare data gathered using the present technique under
various transient conditions, with data gathered wusing some
true positive sequence technique, although this would be an
interesting exercise.

Why 4 30 Hz Rate?

A 30 Hz phase angle sampling rate (corresponding to the
30 pps pulses) was chosen for two reasons., First, if a
three-phase angle measurement is taken, nearly two cycles are
required to make the measurement. Second, in the opinion of
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our power system planning engineers, 30 Hz was a sufficient
sampling rate for transient instability monitoring, whereas
anything less would be overly coarse.

HARDWARE DESCRIPTION

Remote Encoder

A block diagram of the encoder is shown in Figure 2.
Basically there are three kinds of inputs to the encoder:
analog currents and voltages, satellite clock receiver one
pulse per second signal, and digital inputs representing
network status.

Voltage inputs are isolated through step-down
transformers. Currents are isolated through current monitors
which provide a voltage output of 0.10 Volt per Ampere with
no detectable phase shift. The lpps signal from the <clock
receiver is buffered through timer TO. And the seven digital
inputs representing network status are optically isoclated.

The power supply (not shown in the diagram) is a dc-—dc
supply designed to receive 125Vdc from our station batteries.
Transients from other equipment on the station battery system
are filtered through a CORCOM low pass filter.

There are four modules in the chassis which receive their
power from the supply described above., These are:

(1) The signal conditioning board.

This board, made by Shumway Brothers, Inc. of
Salt Lake City, contains the third order Butterworth
analog prefilters, the sample and hold amplifiers,
and the voltage channel zero crossing detectors.

(2) The measurement and control computer board.

This board is the Intel 88/40 single board
computer, We were delighted to find how closely the
architecture of this board matched our needs in this
application, Notable features are the 8088 cpu with
the capability to add the 8087 math coprocessor (used

in our application to do square roots), 8259
programmable interrupt controller, 8255 programmable
peripheral interface, 8253 programmable interval

timer providing the 3 independent timers shown in the
diagram, A/D subassembly with 50 microsecond per
channel sampling time for 12 bits of resolution, RAM
and ROM, a "multimodule”™ scheme for piggybacking
other sub- assemblies which we used to add a serial
I/0 multi- module, and a Multibus standard bus. The
above board has saved us a great deal of time and



[ARCE: I

Syrie L

SAWLIOA $NE

{eavnese)
VERIRY
DAY D5,
27 - WG & afr TrivEs
G
1.3”an ooy vOBs/ B9 e STET-5Y
AdSssS WS HD L.!?l\v .
*l.!.l — e s I e e e i e ] 'J— ARas R £ LELT
i ! wzrsig x>
“ R ) BOUSYIAN! . X TaTIEYYS [ yyoma S
ey P D H EZE 0 s wod
m — rgesa VIOV S * iy TOST e S TRy S
_ w YYRLGe (¥ poapt TLITE
| -
“ w \NQ"(\Q
“ ﬁ DTSR By
“ LL AT T 2l ol
YT L] } =9
A AV B L2 By gal
m PR SRYDE GHulNeBY m .
WG POIATFVIWGD - u .
w i
: b2 DY _ N §.464 Bivd _
. m ST ASHEGY-  ABHEIY
i Feynd 2L ed Fodds fodlod
- 4 PIBBY IS
- w | a@rsson Grou an — !
Ll
] b ,
| XPw m p IwA CANTEIND IpIY
. w SOBLVIS TV _ AVVONO2 IS AVTIY
Q\f \r k&I _ N DPTYRY “ Bi o4 4V
\._ A Shbiw
AN, #His wivomyziing |
m P

* LEITN b “ PITVO g€ | Awh
(VTR T w ) FavaMoIS AYTIY
w \tsu\ SITW L9 _ « <
“ byl AW E) lm..l _ S yQiLoIASC
b s¥r b T T - ee ”
“ 1%, o o € 4
y g OETeTTY R e e
71 T ! u_lau:\mnw -gmon TYHDIS
~ I¥T D8RS SR
VAL _Ivmid oy |
(2l
_ \4»\ Pre] M.mm\ \ P _ WIAIT DI
i dvz A o] ¥D07D
~ YITIRVLVOD \t | ’ $309
AINETANT \4\»\. 5357} i
* b a TN TTEEY |
Py
! el .

WVYYIVIT WOOTE IVYMITYYH

A NT FLOW Y



12—

trouble in hardware design, debugging, and
documentation, and is well worth the less-than-$2000
price tag when considering the relatively small
number of units we will be placing in the field.

(3) Optical Isolation module.
This assembly is made by the Opto-22 company.
(4) Synchronous modem, 9600/7200/4800 bps.

The modem we selected is made by Universal Data
Systems, One reason it was selected was Dbecause it
has a multibus form factor.

It is noteworthy that the data rate was dictated
by the 30 Hz rate at which data is acquired. As will
be explained later, each message is 11 bytes long.
Coupled with start and stop bits, this means 110 bits
must be sent each 1/30 second. A 4800 bps modem can
send 4800/30 = 160 bits in thie same amount of time
whereas a Jlesser standard bps rate is not adequate.
Other considerations caused us to select the above
9600/4800 bps modem, but since we have a 9600 bps
capability we will attempt to send the messages at
that rate, If we run inte microwave channel
reliability problems at that rate we will downgrade
to 4800 bps which is still acceptable for our
application.

Master Decoder

Each remote encoder delivers its wmessage to the UP&L
microwave system on a dedicated voice channel capable of full
duplex operation. However it is intended that the dinitial
implementation of the system will be in a simplex (one way
only) mode. This configuration allows maximum system
flexibility in the future.

At the present time there will only be one decoder (the
master) "listening" to all remote encoders. However the
system is configured such that in the future there could be
more than one decoder Jlistening to any given microwave
channel.

The master decoder (See Figure 3) consists of up to eight
modems, one for each encoder and channel, delivering their
messages in parallel to a pre-processing single board
computer made by Simpact. This computer stores the channels'
data in circular buffere while checking for disturbances.
Upon finding a disturbance, the pre-processor packetizes
these datsa and downloads the packet to UP&L's data
acquisition Vax 11/780 which stores it for later analysis
using resident software tools.
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SOFTWARE

The real challenge and time consumer of this project was
the software. This seems to be typical of systems under
development these days, and this project was certainly no
exception.

Software "No Free Lunch®™

The software written for this project is real-time,
interrupt—-driven software. It 1is ©probably appropriate at
this time to make a distinction here. Some software which is
labeled "real-time"™ must execute a given loop every few
seconds in order to keep up with some real-world process. In
this project, however, "real-time" means that the software
must almost totally re-execute 30 times per second. For our
application this means that the code must be written in
assembly language in order to execute quickly enough.

The assembly language used was ASM86. This language is
very "high-level™ as far as assembly language goes.
Nevertheless, it is a well known fact that whenever one uses
any version of assembly language --—- even ASM86, one pays the
price of requiring a greatly increased amount of time in the
programming effort. As we experienced this reality, we
noticed that a great deal of the time was taken in writing
custom interfaces to talk to various subsystems in our
particular hardware. As such it would have been necessary to
write these no matter which language we used.

Another very significant contributor to the difficulty of
the programming effort was the interrupt-driven nature of the
software. ©Since our application required routines to execute
at given times, regardless of what other part of the software
was running (zero crossing routines, for example), it became
necessary to implement nine separate levels of interrupts.
This "confusion factor"™ in the programming caused perhaps one
order of magnitude of increase in debugging time as compared
to conventional "in line" oprogramming. This was further
complicated by the lack of in-circuit-emulation capability in
our development system. And yet, it could be argued that the
additional complication of an in-circuit-emulator would have
further slowed execution of the routines and created other
problems to debug. This issue aside, debugging of real-time,
interrupt drivenm software 1is sometimes like taking the
proverbial "shot in the dark."

In retrospect, the writing of software took longer than
we originally estimated. Total time to "learn the ropes" of
our new Intel PDS development system, understand and write
custom drivers for the on-board hardware, learn ASM86, and
write and debug the modules was perhaps 10 or 12 man months.
A description of each module follows. A timing diagram which
relates these module descriptions to the hardware is found in
Figure 4.
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Module Descriptions

With the exception of the initialization and background
module, all modules are initiated according to & schedule
determined by the dinterrupt controller. The interrupt
controller schedules tasks according to the highest priority
interrupt which is pending when the processor acknowledges
the dnterrupt. These priorities are, in order of highest
priority first: NMI (Non-Maskable Interrupt), IRO (Interrupt
Request 0), IR1, ... IR7. When viewing the Timing Diagram,
each of the modules is shown labelled as IR0, IR1, etc., with
the width of the pulse representing approximately how much
time the module requires to execute.

NMI

This module is not represented on the timing diagram. It
executes when dc power reaches a certain alarm level,
signalling possible imminent loss of dc power.

IRO

This module executes each time the lpps synchronizing
pulse is received from the satellite clock receiver. On
receipt of the first pulse after initialization, the Encoder
starts an auto-sync routine which phase locks the lpps pulse
to a pre-determined location relative to every 30th 30pps
pulse. It also finds the correct value to load into the
on-board timers for accurate initial synchronizing to the
lpps pulse. This routine typically completes within the
first 30 seconds. On completion of the auto sync routine,
the module continues to track the Ilpps pulse, slowly
adjusting on-board timer values accordingly. This module
sets an annunclator flag if the 1lpps pulse's phase lock
tolerance is ever exceeded.

IR1

This module executes each time the 30pps pulse is
received. The time between the receipt of two adjacent
pulses we've defined as a "snapshot."” The first time IR1
executes after execution of IR0, (once per second) the
snapshot number is reset to =zero. Thereafter it is
incremented each time IR1 executes. This snapshot number is
sent as part of the encoder's message, and is the means by
which the decoder knows which messages to compare from two
different encoders.

The message corresponding to a given snapshot is sent
during the spare time in the subsequent snapshot. So another
task performed by IRl is to toggle a message array number
which discriminates between the message being formulated from
the message being sent, Other housekeeping details, not
worth mentioning here, are also dome in IRI1.

IR2,3,4
These modules execute when negative-going zero crossings
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are detected for phases A, B, and C, respectively. The main
function of each of these modules 1is to quickly read and
store the time from receipt of the 30pps pulse to that
phase's zero crossing. It is also noteworthy that these
modules contain a scheme whereby execution of IRZ enables
(but does not trigger) IR3 which enables (but does not
trigger) IR4, This scheme allows Improved diagnostic
monitoring of phase dependent voltage problems.

IRS5

This module executes the first five times it is triggered
during each snapshot, It is triggered every 90 electrical
degrees (4.167 msec) by timer T2. These five executions are
required by the digital filter and the voltage and power
algorithms described below in IR7. Its main function is to
send a "hold" signal to the signal conditioning board. This
activates the sample and hold amplifiers on all 16 A/D
channels so it can effect a functional simultaneous sampling
of all channels which takes less than 2 milliseconds.
Following the sampling and storing of this array of data, it
releases the "hold" signal, allowing the 16 sample and hold
amplifiers to, once again, faithfully track the analog
inputs. Then, as its last task, IR5 triggers IR7 which does
number crunching and formulates the message.

One might wonder why IR7 1s necessary as a separate
interrupt level if it is called at the conclusion of IRS
instead of by an unscheduled external event. The reason for
this is that IR6 tasks must take priority over IR7 tasks, but
IR5 tasks must take priority over IR6 tasks. To make IR7
tasks part of IR5 would increase the priority of these tasks,
obviating the scheduling as it now exists.

IR6

This module executes whenever 1t 1is triggered by the
transmit buffer of the serial I/0 hardware being empty. Igs
function is to send the eleven byte message corresponding to
the previous snapshot, out the RS232C port via the serial I/O
multimodule, A detailed representation of this message 1is
shown 1in Table 1.

It should be pointed out that, although the modems chosen
for this project communicate synchronously on the hardware
level, the protocol selected is asynchronous, This was done
because each message was so short (11 bytes), and to be more
compatible with software on the decoder end, This mode of
communications is sometimes referred to as "isosynchronous."

IR7

This module, as mentioned above, 1is triggered by the
completion of the fifth scan of IR5. It does the math and
generates the message for each snapshot derived from the work
of IR0-IR5. It is composed of the following sub-modules:
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Table 1. Message Byte Content
Description and Bit Diagram

s s o T s SO G S G e i S A G e G B GANM (o GRS e G G e B G Gl G Sl WD SN 10U I G G D AN G Kk S U G WA WD STI 6o G

Message number in the curreant second (0-29)

MSB  -6-  -5-  -4- -3- -2- -1- LSB
1 sp sp (e data—————e———— )

Encoder self-test status/annunciator byte

MSB  -6-  ~5-  —4- =3- -2- -1- LSB
1 alm alm alm alm alm alm alm

Coarse zero-crossing delay (125 usec resolution)

MSB -6~ -5~ - -3~ -2~ -1~ LSB

1 (mmmrmr e data————erem e )
Fine zero-crossing delay (.977 usec resolution)
MSB —-6=- -5~ —~b- -3~ -2~ -1~ LSB

1 (mmmmmm e data-~=—————m—— )
Average of three phase bus voltage (0-1.5 pu V)
MSB -6 -5~ -4~ -3~ -2 -1~ -~ LSB

1 (e data——m—wm e e e )
Three phase watts in Circuit #1 (see Note)
MSB ~6- -5~ ~b— -3~ -2~ -1~ LSB

1 (mrmmm e datgr———m—mem e )

same as 5 above for Circuit #2,3,4

Event inputs for monitoring network status

MSB -6- -5 by -3~ -2 -1- LSB
1 st st st st st st st

ASCII EOT, to recognize message conclusion

MSB -6~ -5 b~ -3 -2 -1 LSB
0 0 0 0 0 1 0 0
MSB = most significant bit, set to "1" on all

bytes except the terminator byte, to
prevent random data from being recognized
as the terminator byte.

LSB = least significant bit.

Sp = gpare bit position.

alm = alarm bit for specific self-test failure,
normally "O0".

st = status of external circuit breaker, etc.,

where "0" is open, and "1" is closed.

Note: The power bytes can be configured unidirectionally for
generators or bidirectionally for intertie lines. A
total of 127 counts are available.
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Digital Filter.

This 1is an elegant non-recursive digital filter
with two zeroes at zero Hertz and one =zeroc at 120
Hertz, Its computational burden is very low,
requiring only one add and two subtracts, operating
on a sample history of three, not including the
latest sample. Its frequency response is shown in
Figure 6, Note its very low response to inputs near
zero Hertz. This makes it relatively insensitive to
dc offset problems.

The frequency response of the third order
Butterworth filter is shown in Figure 5. Since it is
a low pass filter, it compensates somewhat for the
digital filter's repetitive bandpass of some higher
harmonics. The frequency response of the combined
analog prefilter and the digital filter is shown in
Figure 7. This shows how the two work together in
the encoder to optimize a bandpass which peaks at 60
Hertz, yet 1is s8till sensitive to near-60-Hertz
frequencies without letting through dc and the lower
harmonics.

Average Volts.

This routine wuses the filtered analog voltages
from the above routine, and does a square root of the
sum of the squares of two filtered samples taken 90
electrical degrees apart on each phase. It then
averages the three phases, In order to do this
operation imn the time allotted (hundreds of
microseconds), the 8087 math co-processor is called
upon.

3-Phase Power
This routine executes an algorithm based upon the
following equation:
Vp*Ip + Vq*lq
rms Power = cememmme e (2)
2
where Vp = Voltage at "phase™ loc. on waveform
Ip = Current at "phase" loc. on waveform
Vg = same as Vp except "quadrature" or
90 degrees lagging loc. on waveform
Iq = same as Ip except "quadrature” loc.

The rms power in the above equation is single
phase, so the routine repeats the equation for each
phase. Then it adds them to get true 3-phase power,
using the filtered quantities described earlier. It



- 20 -

! : 55 Hz. Mag = .91
6@ Hz. Mag = .86
T \ 65 Hz. Mag = .79
+
, \ |
4 A 3rd Order Butterworth Filter
\
o \\ £ =71 Hz FIGURE 5
Y,
A \
\l
-+ \
-
%
—
@ 60”3 B
= t
s T
R 5% Hr., Mag = 2.61
5@ Hz. Mag = 2.83
T 659 Hz. Mag = <Z.98

¢

3rd Order Digital Filter

FIGURE 6
; ; ! ; | | I
! ! Yam!
5
1 55 Hz. Mag = 2.37
BB Hz. Mag = 2.42
T S Hz. Mag = 2.37

Combined
Analog and Digital Filters

FIGURE 7




21—

does this for each of up to four 3-phase lines or
units,

(4) Average Time To Zero Crossing

The main purpose of this routine 1s to deliver an
average 3-~phase zero crossing time, measured as the
number of counts of a c¢rystal-controlled counter,
normalized to A phase. If one expresses this time in
degrees of a 60 Hz cycle, then the term "angle®™ (used
below) alsoc has meaning.

In order to measure this angle reliably, certain
subtletles were found to be desirable. First, there
is some reasonability checking which senses
rotational acceleration  greater than  +/- 5
Hertz/second as being unreasonable. If this limit is
exceeded, the possibility of the angle "rolling over"”
from 360 degrees to zero degrees or vice versa is
first checked, If this is the case, the data set is
sensed as correct and internal Dbuffers are updated
accordingly. However, if this limit is exceeded and
found to not be caused by a rollover, then i1t 1is
assumed to be caused by some kind of error, and a
second order polynomial regression analysis is done
to reconstruct a "best guess"” of what it should have
been. For this case, an error flag is set and
annunciated in the message, indicating that the angle
is "suspect™ though reasonable. This kind of error
correction is done on all phases in every snapshot.

(5) Annunciator Message

In Table 1, message byte #1 is referred to as the
"Encoder self-test status/annunciator byte."” This
byte carries information which annunciates to the
decoder the diagnostics and self tests performed at
various times by the software. This routine checks
all the error flags of the diagnostics and self
tests, and assembles them into the message byte. The

following conditions are annunciated: de power
supply failure, encoder under test or self diagnostic
failure ~-- do not trust message, clock receiver out

of lock with satellite, all three phases did not
produce & zerc crossing, unreasonable A phase, B
phase, or C phase zero crossing.

SATELLITE CONSIDERATIONS

As mentioned previously, we chose to use as our time
reference, a GOES <clock receiver lpps output. Some
considerations in using thie system follow.
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GOES System

The acronym GOES represents "Geostationary Operational
Environmental Satellite.” The GOES system usually consists of

three satellites. These satellites do more than merely
broadcast time; indeed, their primary purpose is for weather
forecasting and especially hurricane tracking. When

satellite photos of the weather are shown on television news
programs, they are produced by a GOES satellite. There is
usually an "East" satellite in geostationary orbit above the
equator at 75 degrees west longitude (approximately above
Ecuador in South America), another "West™ satellite above the
equator at 135 degrees west longitude (over the eastern mid

Pacific Ocean), and a third "spare" satellite approximately
midway between the other two.

Normal GOES Operation

Universal Coordinated Time (UTC) is kept by the National
Bureau of Standards (NBS) facility at Wallops Island,
Virginia, by atomic clocks. This time is referenced to the
time zone in Greenwich, England, and was formerly referred to
as Greenwich Mean Time (GMT).

This time is advanced by 260 milliseconds and sent to the
GOES East and West satellites. The time 1s advanced in order
te account for the approximate propogation delay from Wallops
Island  to the satellite and back to the coverage area. Of
course the coverage area is very large (most of the Western
Hemisphere) so the 260 millisecond delay can be several
milliseconds off for a given position on the earth.

In addition to absolute time inaccurscies due to varying
receiver locations on the earth, there are inaccuracies due
to the varying position of the satellite. These are caused
by (1) the satellite orbit not being perfectly circular and
equatorial (diurnal error), and (2) the exact position of the
satellite not being known at the time of tramnsmission, The
NBS makes an attempt to predict the exact 1location of the
satellites beforehand., This is encoded in the message which
is broadcast as the time every second from Wallops Island
through the satellites. The format of this message is called
IRIG-B.

The methods which the NBS uses to feedback the actual
location of the satellites (compared to the calculated
location which 1is ©broadcast) are critical for obtaining
absolute time accuracy in the tens of microseconds. The
primary method used until recently is called trilateration.
It relies on weekly reports from three tracking stations for
each satellite. However, a recent limitation of funds and
uncertain political copditions in countries in which some
tracking stations are located have made it mnecessary to
convert to a unilateration method which is somewhat less
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60 Hertz., This is 46.3 microseconds. Consistently achieving
that kind of resolution with this system is marginal, taking
all sources of error into account. However during the
"monitoring only" stage of this project we will be able to
work on these sources of error. The real tough problems are
those over which we seem to have little control, i.e., those
resulting from unforseen operational problems of the GOES
system, But there 1is hope on the horizon as efforts are
being made to improve the reliability and accuracy of the
system. Another thing in our favor is that absolute accuracy
relative to UTC time, does not need to be maintained --- only
relative time from point to point within the interconnected
power system. And measurements have been taken over extended
periods of time with the same kind of clock receiver as we
are using, which show a point to point resolution on the
order of 25 microseconds [4].

An alternative to the above system which is often heard
these days is the Global Positioning System (GPS). It 1is
touted as having sub-microsecond resolution, but there are
some serious problems to consider., First it is not clear at
this point whether anyone other than the military will have
access to the decryption devices necessary to use this very
secure system. Also, it is estimated that a typical receiver
will cost $45-50,000, a significant increase from the less
than $4,000 required for today's intelligent clock receivers.

CONCLUSIONS

Western wutilities could benefit from having better
real-time monitoring of and, some day, protection from
transient instabilities. The Transient Stability Monitoring
System at UP&L is a step toward the realization of that goal.
To complete the first portion of that step, a remote encoder
has been developed which transmits key transient stability
quantities quickly and accurately enough to be useful during
very severe and widespread disturbances. It is constructed
from largely-digital hardware and has been carefully designed
and programmed to deliver these quantities reliably to a
master decoder for analysis and storage. The system also has
the flexibility to include other decoders remote to the
master if they are needed in the future. Perhaps the
system's most potentially valuable quantity, system voltage
phase angle, is derived from a GOES clock receiver reference
pulse. In studying the sufficiency of the GOES system to
provide the needed accuracy and reliability, some problems
were found, but there 1is good reason to believe these
problems are not insurmountable.
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