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INTRODUCTION

The Electric Power Research Institute (EPRI) has been sponsoring the design and
implementation of an integrated system which performs all of the protective
relaying and control functions for a transmission-level electric power sub-
station. The development effort, carried out with cooperative financial support
by Westinghouse Electric Corporation, is aimed at placing commercial prototype
demonstration systems in substations.

The designers and EPRI set out to employ recent electronics technology to reduce
the lifetime costs of substation control functions while achieving performance
and feature benefits of new digital approaches. The system employs clusters of
multiple microprocessors, multiplexed digital communications, and optical-fiber
data transmission media in place of the conventional complement of discrete
relays, instruments, and controls with the associated interconnecting wiring.
Capability for convenient interfacing to existing conventional control circuits
is included in the design.

A stand-alone transmission-line relaying terminal utilizing these digital hard-
ware elements has been operating at the Branchburg Substation of Public Service
Electric and Gas Co, (PSE&G) of New Jersey since September of 1984. A full,
integrated relaying and control system demonstration is to be installed at the
Deans 500/230 kV substation of PSE&G in the early 1986,

Westinghouse and EPRI nave been supported by a group of eight utility advisors,
who nave guided the conception and implementation of the system. One of these,
PSE&G, is the host utility who is providing the test sites for the field
installation,

Tnis paper presents the design highlights of the Westinghouse Substation
Protection And Control (WESPAC) System, summarizes the results achieved so far
in the Taboratory-demonstration phase of the development, and describes
construction, testing, and commissioning activities for the field commercial
prototype system. Previous papers listed in the References provide background
detail on many facets of the underlying design work.



ARCHITECTURE

Initial investigative phases of the project developed functional and performance
requirements for the WESPAC system (5), and evaluated alternative architectures
to meet these needs economically, flexibly, and reliably (1, 3, 4). As a
result, the designers have selected the three-level hierarchy shown in Figure 1.
Beginning at the lowest level, the elements are:

Data Acquisition Units (DAU) with Serial Data Links
Protection Clusters (PC)

Serial Multidrop Data Highway

Station Computer (SC)

e @ @ 2

The following explains the function of each element in turn, More information
on the hardware is presented in a subsequent section.

Data Acquisition Unit (DAU)

The DAU is the interface between the power apparatus and the Control System.
Multiple DAU cabinets are installed in the switchyard, physically near the
apparatus to minimize expensive wiring runs. The DAU takes instantaneous
samples of ac voltage and current signals from ct's and potential devices, along
with status of contact inputs such as those indicating breaker state. The
samples are digitized and composed intc a serial data stream for transmission to
the next level of the hierarchy, the PC, via an optical-fiber link to the
control house,

An alternatively-packaged DAU can be installed in the control house, where it
connects to existing conventional wiring. This arrangement facilitates the use
of the new integrated system where it must use signals already brought in by
existing wires as well as those connected to switchyard DAU's.

For example, both control house and switchyard DAU's may be employed if the new
equipment is used to control and protect a portion of the substation which is a
new addition to an existing, conventionally-wired station. Control-house DAU's
need not include optical fiber links, as explained in the hardware description
" below.

The DAU also connects to control circuits of the power apparatus, implementing
the control decisions or requests generated at higher levels and transmitted
down over the data link.

Protection Cluster (PC)

The protection cluster consists of several microprocessor boards on a common
data bus with shared memory, plus interfaces to DAU and station computer data
links. One such cluster is typically associated with each protection zone, and
performs line, bus, or transformer relaying. The PC receives masses of raw data
samples from one or more DAU's over the data links. High-speed relaying and
control programs constantly evaluate sequences of instantaneous samples looking
for symptoms of power-system faults and extracting accurate phasor measurements
of ac signals for transmission to the SC and higher levels of the hierarchy.
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Relaying and control programs in a PC can issue control outputs directly to
DAU's, and can also verify and pass on control requests sent down from the SC to
the power apparatus.

Figure 1 shows that multiple DAU's may supply a single PC with information, but
it is also important to note that one DAU may connect to multiple PC's requiring
signals from a particular switchyard or control house location. Also, both PC's
can send control requests to the common DAU. This cross-linking is accomplished
in the control house, with optical isolation of tne interconnected PC's.

Data Highway

A multidrop, serial, electrical data communications highway interconnects all of
the protection clusters and the station computer at the top of the hierarchy.
Under normal operating conditions, the station computer is master of the high-
way, sending control commands to the PC's and polling them for a variety of data
types which it collects. However, an individual PC can temporarily seize
control of the highway in order to cend an emergency control message to one of
its peers, as it may need to do in a backup-relaying situation., That PC then
relinquishes control, once again, to the station computer.

Station Computer (SC)

The station computer provides a central data base and control point for the
entire station, or portion of the station controlled through the WESPAC System.
The SC collects and stores information from all of the clusters, via the data
highway. The data includes periodic phasor values of ac signals, status of con-
tact inputs to DAU's from the power apparatus, internal status of programs and
hardware modules of the control system, sequence-of-events (SOE) messages
generated within programs at each level, and lists of faylt data samples used
for oscillography and other fault-evaluation measurements. The SC also performs
control functions which operate from the global data base and which do not
require the speed of fault protection. Finally, the SC interfaces to external
control sources. Local operators interact through color CRT, printer, and
keyboard. Also, the SC emulates a remote terminal unit (RTY) for the utility
SCADA or energy management system. The SC can send data to additional remote
locations - for example, in the field demonstration, oscillography and event
data are sent via telephone channel to the protection engineers' offices of
PSE&G Co.

System Heartbeat

A central 960 Hz sampling clock, connected to all of the protection clusters,
provides coordinating pulses which are communicated over the data link to every
DAU. Redundant clocks and clock-pulse signalling paths are provided. Fach ac
signal and status point in the station is sampled at the same instant. The
sampling interval is 1,04 ms, corresponding to exactly 16 samples per 60 Hz
power cycle. During each sampling interval, the instantaneous sample values of
each ac waveform and status point are digitized, formatted, and sent up the link
from each DAU to connected PC's., Also, during each interval there is a time
window during which control messages are sent down to DAU's.




Tne central clock either can operate at a fixed frequency, or can track the
station-service power frequency (when available) to maintain exactly 16 samples
per cycle regardless of frequency excursions. There is no requirement to main-
tain any particular phase relationship between the sampling process and the
sampled ac waves - no zero-crossing detection is performed. Each cluster also
has an internal timing reference so that timing-clock failure will not disable
any relaying or critical control function. Addressing a related concern, it is
also important to note that each PC can execute its relaying tasks without the
data highway connected or operational - protection for multiple zones is not
dependent on a single hardware element.

Operating over the highway at a much siower rate, the SC obtains data from the
PC's and sends control commands to them., There are two categories of inter-
changes, occurring with periods of 0.1s and 1s.

Stand-Alone Configuration

The stand-alone relay demonstrated at PSE&G is a physical and functional repla-
cement for a conventional static directional-comparison line terminal. Because
each PC has been designed to operate without the highway, SC, or external clock,
it is convenient to configure a single PC with one or more DAU's for stand-alone
protection of a single zone. Remote DAU's can be used, but the investigators
have demonstrated a stand-alone line protection terminal which includes the DAU
and cluster in a single standard rack cabinet. For this configuration, an extra
PC processor and special display panel support man-machine interface functions
normally performed through the SC - control of program modules, checking and
changing of settings, and display of analog values and events. A small thermal
printer lists event messages as they are produced.

Redundancy

Architectural studies early in the project led to novel schemes for backing up

of critical relaying functions with minimum additional hardware. Many of these
have been reviewed in previous works (2, 3, 4). Hardware capabilities to accom-
modate the most promising ones are included in the present design; most notably,
cross-1inking of DAU's permits sharing of DAU data among PC's for several zones.

For the first field demonstration, no backup is included or needed since PSE&G
already has conventional primary and backup relays in service at the test site.
For new installations, users have the option of employing conventional dual
redundant protection - a separate PC with associated DAU's for each of the pri-
mary and backup protection jobs for a given zone. However, as field experience
is gained, some users will consider novel data-sharing configurations which save
DAU hardware without risking loss of all protection for any zone because of a
single failure (4).

HARDWARE
Each level of the hierarchy places unique demands on the hardware employed

there, At the data acquisition unit, the key requirement is for reliable and
accurate operation in the presence of temperature extremes, plus conducted and
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radiated transients, The protection cluster must execute complex protection and
data manipulation algorithms using large volumes of data in a few milliseconds.
Finally, the station computer must handle large volumes of data characterizing
activity for the entire station, converting it to units and formats compatible
with several different human operators and higher level control systems; and
routing the information to the proper user. The levels are interconnected by
communication paths which must handle the bulk and variety of information
involved., This section gives a brief overview of the hardware used to meet
these requirements.

Data Acquisition Unit (DAU)

Figure 2 shows a block diagram of the DAU., The data acquisition electronics
have been designed to be compatible with the Westinghouse Distributed Input
Qutput Bus (DIOB). This 8 bit parallel, low-power bus and associated mechanical
nardware have been designed for harsh utility and industrial environments. Use
of the DIOB provides the project with field-proven electrical and mechanical
equipment and the ability to use certain input-output cards designed for other
applications such as low-power contact inputs and outputs and RTD interfaces.
However, the investigators have designed and built new analog input, contact
input, and control output cards to meet the unique demands of interfacing for
high-speed relaying.

The contact input (CI) cards can recognize status changes in 1 ms, while
rejecting contact bounce for up to 32 ms after the closure,

The contact output (CO) cards energize control circuits using either SCR's or
relay contacts. Facilities are included for control-circuit continuity
(open-circuit voltage) and target (energized-circuit current flow) monitoring by
higher Tevels of the SPCS,

Each of the microprocessor-controlled analog input (AI) cards samples a group of
six ac inputs simultaneously, every 1.04 ms, in synchronism with all other Al
cards in all the DAUs of the installation. The sample values are converted to
digital form with 16 bits of resolution. The microprocessor checks A/D con-
verter calibration using two additional reference channels, and makes minor
corrections to converted ac values. More serious conversion errors lead to
alarming and inhibited operation of affected functions. Analog inputs from con-
ventional relaying ct's and potential devices are connected to the DAU through
isolating transformers, with surge suppression, plus antialiasing filters nor-
mally associated with sampled-data systems.

The entire DAU is sequenced by a microprocessor-based controller card, which
also handles bidirectional data communications with protection clusters over
the 1 MHz serial link. For DAU's installed in the switchyard, an optical-to-
electrical (0O/E) interface connects to an optical-fiber cable.

Protection Cluster (P(C)

Figure 3 shows a block diagram of a typical protection cluster, Several 16-bit
microcomputer modules share the burden of analyzing the masses of raw data
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arriving every millisecond from the connected DAU's. Each module is based on
the Intel 8086 family of 16-bit microprocessor and support chips, and all are
interconnected by the industry-standard Intel Multibus™, Nonvolatile erasable
programmable read-only memory (EPROM) holds programs for each processor; random-
access memory (RAM) on each card holds dynamic data. Much of the RAM is shared
over the common bus. An additional nonvolatile core memory card holds settings
and related data which may be altered in serivce, yet must be retained when the
PC is deenergized. Communication controller cards, which also connect to the
Multibus, carry on the data interchanges between the PC and associated DAU's
over the serial links, or among the station computer and other PC's over the
multidrop data highway. Links to switchyard DAU's include electrical-to-optical
interface as well.

Carrier, audio-tone sets, or other equipment used for relaying communications
connect directly to the line protection cluster, through a bus interface or
parallel interface on a processor card.

Station Computer

As can be seen in Figure 4, the station computer consists of the same basic
blocks as the protection cluster., The primary task of the microcomputers in the
station computer is the conversion and formatting of data for local and remote
storage, display, and logging. The SC requires larger RAM and EPROM memory spa-
ces for the great masses of data, fixed parameters such as conversion constants,
point identification labels, and other display constants. At the SC, the man-
machine interface consists of a 19-inch color graphic CRT, an input keyboard
with both special purpose and alphanumeric keys, and a printer. The CRT is used
to display a station one-line diagram which reflects the present status of
breakers and switches plus current, voltage, watt and VAR readings. The opera-
tor can use the keyboard and CRT to display alarm or sequence-of-events (SOE)
listings, to acknowledge alarms, to control breakers and switches, to view
oscillographic traces, to check the status of WESPAC system equipment, to change
settings, and other functions. The local printer provides a hard-copy record of
events, alarms and operator actions as they occur., Station computer programs
and hardware interfaces also make substation data available to the utility's
energy management system and to remote protection or maintenance engineering
locations,

Stand-Alone Relay Man-Machine Interface

For a single PC and DAU configured as a stand-alone relay in one cabinet, the
power and expense of a full station computer is not needed. In this case, an
operator's panel, as shown in Figure 5, and thermal printer are provided with
the relay. A processor is added to the protection cluster of Figure 3 to manage
data saving, to perform MMI calculations such as conversion to engineering
units, and to control the operator's panel and thermal printer. The operator's
panel input consists of 16 function keys which call programs to display analog
values, display and modify settings and limits, and to display other relay para-
meters. A numeric portion of the keypad is used for the entry of settings and
limits. The panel output consists of 13 Light Emitting Diodes which display the
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status of the panel and certain relay parameters, such as trip targets. Also, a
16-character alphanumeric display shows setting identification and values. The
20 character-per-line thermal printer generates a hard copy of seguence-of-
events (SOE) data, and operator entries including setting changes. An optional
modem is used to transmit oscillographic data to the utility engineering office
within minutes of a fault,

PROTECTION AND CONTROL FUNCTIONS

Previous papers have presented detailed lists of application functions to be
programmed for inclusion in an ultimate commercial version of the WESPAC System.
The project participants have selected a critical subset of these for
programming during the Taboratory development phase and a slightly expanded set
for the field demonstration.

The Appendix lists all the functions which have been designed. For the labora-
tory testing and field demonstration, the development team programmed and tested
the functions listed below as part of the integrated system, Some details of
program operation are given in each of the following sections.

Transmission Line Protection Cluster Functions

» Distance relaying of transmission line using dual algorithms.

e Pilot protection of a transmission line using a new scheme compatible
with directional-comparison blocking on a power-line carrier channel,

» Non-pilot local-backup {Zone 1) tripping for line faults with an
underreaching zone characteristic., Zone 1 protection includes a novel
dynamic adaptation which improves reach accuracy for high-resistance
ground faults preceded by heavy load flow,

e Remote-backup time-delayed trips for faults in either direction.

@ High-set and line-energization proteCtion using overcurrent measurement.

® Loss-dfmpotentia} blocking of impedance relay tripping.

# Collapsed-voltage detection and sound-phase or memory polarization of
distance-relaying programs.

# Breaker-failure and breaker fault protection for each connected circuit
breaker,

e Automatic high-speed and time-delayed reclosing of each breaker, with
user-set sequences and supervising checks.

@ Control, monitoring, and operation timing for breakers, switches, and
other power switching apparatus.

s Automatic checkback testing of on-off power-line carrier channel.




® Integrity checking of ac data inputs using power-system relationships
during non-fault times,

» Computation of analog measurements for display by station computer or
stand-alone man-machine interface, plus voltage phasors for use by
synchronism-checking function,

» Preservation of fault data records for oscillography presentation,

@ Self-testing of hardware and communication elements.

Line Relaying Approach

The special directional-comparison blocking pilot line protection scheme is
based on distance computations using coordinated dual algorithms., A
differential-equation algorithm processes the raw data samples to provide high-
speed tripping for most internal faults. If fault signals are badly con-
taminated or if the fault is very close to a particular zone decision boundary,
a full-cycle Fourier notch filter backup algorithm makes highly accurate, if
slower, decisions. The two algorithms are integrated and coordinated by
programs which yield a single, smooth inverse time-distance curve whose inver-
seness is settable by the user. Thne distance-measuring package performed excep-
tionally well in testing as described later. Refer to (8) for more specifics on
the algorithms used here.

The algorithmic computation for a single phase (single-phase-to-ground fault) or
phase pair (multiphase fault), along with zone checks, coordinating programs,
pilot logic, and some additional supporting computation, consume nearly all of
the processing capability for two protection processors. Accordingly, it is
necessary to use relatively fast checks at the time of fault inception to
establish the phase or phases involved in a disturbance, and to focus distance
processing only on the selected quantities. Such a fault-type analysis as guide
for distance relay programs has been successfully used in a number of previous
experimental digital relays, and has worked well in testing of the present
system. If voltage or current changes are too subtle for fault-type selection,
a slower all-phase distance check is provided to actually compute impedance for
six ground and interphase voltage-current pairs. In addition, an in-fault type
analysis program continues checking symptoms even during the focused distance
program calculations, to invoke a change of processing in case of an evolving
fault.

Figure 6 shows typical quadrilateral reach characteristics which can be set for
each of up to 3 forward and one reverse zone. Separate R and X reach values are
used for single-line-to-ground faults versus multiphase faults. R reach, X
reach, negative-R reach, and line angle are all user-set. The design also
includes a novel setting capability - the user selects the inverseness of the
trip time-versus-distance operating characteristic according to accuracy-versus-
speed requirements for each zone and installation.
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Bus Differential Protection Cluster Functions

B

]

Instantaneous differential protection which trips in less than one-half
cycle for normally robust internal faults. A novel supervision scheme
cuts off this module before ct saturation associated with nearby
external faults.

Slower, sensitive variable-percentage differential protection based on
sharply-filtered 60 Hz current values. This backs up the instantaneous
module for lTow level faults, using a dual-slope characteristic.
Inverse time-overcurrent ground differential backup protection.

Breaker-failure and breaker fault protection for each breaker connected
to the bus.

Monitoring, operation-timing, and control of routine operation of cir-
cuit breakers and other power switching apparatus.

Computation of ac measurements and data-integrity checking as provided
for the line protection cluster,

Fault-data and events preservation as provided for the line protection
cluster,

Hardware self-checking as provided in the line cluster.

Transformer Differential Protection Cluster Functions

The transformer protection scheme uses the same approach and the same complement
of programs as the bus differential cluster, with the following additions:

L

Special logic for blocking of instantaneous differential tripping on
inrush conditions. Voltage measurements are employed in the
determination. This provides tripping in less than 1/2 cycle for faults
on previously-energized transformers, in many applications,

Second-harmonic measurement for restraint of the slower, more sensitive
60 Hz percentage-differential tripping. The percentage threshold is
settable,

Data-processing programs to deal with power transformer ratio, phase
shifts due to wye-delta or zig-zag connection, and tap-changer
operation., These permit more sensitive setting of differential protec-
tion, and allow all ct's to be connected in wye regardless of main
winding connections.

ot
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Differential Relaying Approach

For both the bus and transformer clusters, fast tripping is provided by instan-
taneous percentage differential tripping modules of novel design. Special logic
suppresses tripping in circumstances where ct saturation with an external fault
produces a ratio error and false differential current; the transformer cluster

uses additional voltage measurements to avoid tripping on inrush.

To handle low-level internal faults to which the jnstantaneous module doesn't
respond, a long-window variable-percentage differential module is included in
the relaying program, Full-cycle Walsh algorithms are used to extract filtered
power-frequency differential and restraint currents from the raw instantaneous
current samples, For the transformer cluster, additional Walsh algorithms
extract second-harmonic components from the differential currents for restraint
of tripping on inrush.

The differential clusters differ from the line cluster in that there is no
fault-type analysis or phase selection. If a disturbance is detected, fault

programs check all phases.

As explained in a previous paper (2) the high-impedance differential method of
bus protection is not compatible with the switchyard data-acquisition feature of
the WESPAC architecture. The combination of protection methods employed here

offers equal or better performance.

Stand-Alone Line Protection Cluster Functions

The stand-alone cluster is physically and functionally configured to replace a
conventional terminal of directional-comparison line relaying with breaker
failure, reclosing and carrier test. The program complement includes:

e Line protection programs, like those of the system line cluster, to act
as the remote terminal for pilot relaying.

» Programs to support the stand-alone MMI-printing of SOt messages, com-
putation and display of settings, protection program status control and
display, and nonfault analog value displays.

o Line fault location estimation.

Station Computer Functions

The Station Computer (SC), at the top of the three-level hierarchy, is the ele-
ment which operators will identify most closely with the system when they are
present at the substation. It provides software support for a color CRT
offering many displays, plus keyboard for local control, and printer. However,
transmission substations are normally unattended; accordingly the most important
SC functions are those which support the centralized data base, data highway




communication and coordination of the protection clusters, and interfaces to the
system control center or other remote locations. Included in the latter is an
optional facility at the protection engineer's office or other remote location
of convenience.

The SC cluster accumulates periodic status and measurements data, plus events
messages and oscillography data, in a centralized data base. This dynamic data
is combined with control software and a massive collection of application-
oriented data on point descriptions and properties, to provide local operator or
remote displays, alarms, station control, and checking or changing of settings.

Displays for the operator include the following:

@ Sequence of Events (SOE) - lists of messages describing key decisions
and control actions in software, plus power apparatus operations
recognized by control programs., SOE displays include auxiliary measure-
ments or identifying data, plus time tags with one-millisecond
resolution,

s Alarm Tists - with data similar to those for SOE.

» One-line diagram of the station, with status and analog values for key
apparatus displayed and automatically updated. The operator can select
either display of only data from protection clusters in normal on-line
operation, or those in a special testing mode,

o Oscillograms - several signals at a time can be selected, and the fault
waveforms displayed on the CRT with adjustable scale factors.

» Control menus - working through sequences of menu selections, the opera-
tor can control power apparatus, enable or disable switchable relaying
functions such as automatic reclosing or pilot protection, and
safety-tag, set lockout, and clear lockout of apparatus or protection
zones.,

» Synchroscope display - shows both magnitude and phase behavior of volta-
ges being compared, and indicates safe closing zones.

e Settings and limits - the operator can call up, examine, and modify set-

tings for using any cluster or the SC itself. Multiple levels of non-
volatile settings storage is included for all cluster types.

s System diagnostic - a special display shows status of SPCS elements.
a» Special displays for clusters under test,
The station computer cluster performs centralized, low-speed automatic control
functions for the station. For the demonstration, this includes synchronism

cnecking. Results are returned to the protection clusters for supervision of
closing operations. Also, transformer overload monitoring is included,
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Automatically-sequenced 1ists of switching operations and checks, which can be
manually or automatically initiated, are executed via cooperative actions of
programs at the SC and one or more PC's,

The SC includes the function of the Remote Terminal Unit (RTU) of SCADA or
energy management systems. It is programmed to support centralized system
control, communicating in the protocol of the particular utility's control
center, It can also interface to additional dispatch centers. In the
demonstration, the WESPAC System will also send operating data, including
oscillography records, over dial-up telephone lines to a small computer at PSE&G
engineering offices.,

FACTORY TESTING OF THE SYSTEM HARDWARE

Because the WESPAC system departs so radically from the conventional approach,
it is essential to demonstrate that the equipment will provide reliable service
in usually unattended EHV substations. The pervasive use of new microprocessor,
.SI, and optoelectronic devices in the hostile substation environment, and espe-
cially the installation of DAU electronics in the switchyard near the power
apparatus itself, required a novel pre-installation testing program. The
following steps were performed in addition to the conventional environmental
testing.

Radiated EMI Testing of Data Acquisition Units

At the outset of the project, little was known about the nature of radiated
electromagnetic interference (EMI) in substation switchyards. To lay the foun-
dation for the design testing of DAU equipment, EPRI and Texas A&M University
undertook a program of measurements at 500 kY and 345 kY substations of five
utilities (9). The investigators for that project constructed a truck-mounted,
computer-based instrumentation system employing free-standing high-frequency
electric and magnetic field sensors. The measurement bandwidth was approxima-
tely 100 MHz. Transient EMI data were collected for a large number of faults
and apparatus switching events, Peak electric fields of up to 50 kV/m were
observed. lUsing the same eguipment, comparable measurements were taken at the
Westinghouse High-Voltage Laboratory to characterize it as a simulator for
design verification,

The ability of the WESPAC DAU to withstand the EMI environment was established
by the following three steps:

1. The hardware was designed with careful attention to features which mini-
mize susceptibility to conducted or radiated interference, This inclu-
des proper input and output isolation, lead routing, circuit-board
layout, and use of surge-protective devices. The design was first
tested using the SWC Test.
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2., The WESPAC DAU electronics were assembled in a specially constructed
outdoor cabinet, which was placed in a shielded radio-frequency inter-
ference (RFI) test room. The DAU was subjected to continuous wave,

swept-frequency radiated interference of approximately 20 V/m over a
range of 20 to 1000 Mz. This test was intended to demonstrate immunity

to nearby portable radio transmitters, but was also used to uncover
susceptibilities to transient field components.

3. Finally, the DAU was placed in the high-voltage laboratory, along with
the EPRI transient-EMI measurement equipment. High-voltage discharges
produced fields whose transient behavior and spectral content were com-
parable to those actually measured in EHV substations. The DAU func-
tioned flawlessly and suffered no electronic component damage.

SOFTWARE TESTING

Every software function in the WESPAC system has been tested to demonstrate that
it meets the relevant requirements of the user-oriented Specifications (5).

The following focuses on techniques for checking application programs which per-
form critical high-speed relaying and related functions.

Testing with Entered Data Records

A great deal of laboratory testing, during both development and subsequent veri-
fication, was performed using sample records which are preloaded into PC data
sample memory prior to a test run. Pointers to the data samples are manipulated
so that application programs process the pre-stored data, one sample-set every
1.04 ms, just as they do for data deposited from a live DAU. Samples repre-
senting a few power cycles can be accessed repetitively, giving a continuous
simulation of steady-state conditions. On external command, the pointers access
a section of fault data samples and subsequently proceed to a circularly-
accessed section of post-fault steady-state data.

The new data records loaded for this testing come from three sources. First, an
off-line program computes simulated fault samples, This approach is useful if
no DAU or ac test signals are available for a particular test. The second
source of samples is save oscillography records from model power system (MPS)
test discussed below, or actual in-service fault processing. This provides a
powerful testing tool; the relaying programs will retrace with absolute preci-
sion their response to the condition which was originally saved. Thus,
questionable operations can be retraced, and response of modified or improved
programs to some prior disturbance can be evaluated. A third data-sample source
is recorded fault data reprocessed off-line to a WESPAC-compatible format. In
particular, EPRI has supplied data from a test installation which monitors
disturbances on a 500 kV line using wideband transducers and digital recording
equipment. The data are filtered and resampled off-line. The results
correspond to how WESPAC relaying would respond if actually instalied at the
recording site.
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During laboratory development, these data records are entered from floppy discs
using external computer-terminal equipment, but the same effect is conveniently
achieved in the field by plugging a nonvolatile core-memory board into the pro-
tection cluster, ’

Testing with Live Steady-State Input Sources

A laboratory three-phase supply has been used to generate test signals, in con-
junction with a familiar assortment of variable transformers, phase shifters,
and load resistors,

The system designers have added features to facilitate testing of relaying
programs using these steady-state sources. Also, they have applied faults by
switching Tow-energy signals on the secondary side of DAU input isolating
transformers.

Testing with Model Power Systems (MPS)

Extensive testing of stand-alone line protection clusters has been carried out
using two MPS facilities. These provide the most realistic simulation of actual
power-system faults.

The first such testing was carried out in late 1982. Two stand-alone line pro-
tection clusters were connected to provide pilot-based fault protection for a
simulated 500 kV, 250 km line. The simulation employs a 600 V, three-phase
supply, with 5A nominal primary load flow. Other MPS configurations were used
to simulate longer lines and the effects of a parallel line. Over 3500 faults
were applied to establish the reach accuracy and relaying performance of the
WESPAC 1ine protection program.

A second series of tests were conducted in July of 1984. Using a newer,
computer-controlled MPS at the Westinghouse Coral Springs, FL Relax Plant., The
model was configured in this case to simulate quite closely the actual field
installation on the 500 kV, 32 km Deans-Branchburg line of PSE&G. Actual ct's
and capacitive potential devices are also closely represented. This second
testing round was used to elicit response of WESPAC pilot line protection to the

idiosyncrasies of the test line and to verify response to difficult relaying
situations,

For both phases of MPS testing, saved raw-data records from many faults were

saved on floppy discs for subsequent reuse in entered-data testing described
above,

MPS Test Results

A major part of the MPS testing characterized the reach accuracy of the distance
measurement portions of the transmission line relaying. These functions showed
impressive precision; for straightforward, single-infeed faults with varying
inception angles and dc offsets, the reach was correct to better than 0.7%. For
faults well within the decision boundary, operating times conformed to expected




design values to the millisecond. With rather conservative delay settings which
favor security over speed, and faults well within the protection zone, trip
times are 10-12 ms for non-pilot distance locations or 7 ms for high-set over-
current operation. These times include 3-4 ms total delay for antialiasing
filter phase delay and message transmission time in both directions between the
DAU and protection cluster. Pilot trips, which depend on checking of a blocking
signal from the other terminal, typically ranged from 14 to 20 ms.

Both test runs included more challenging relaying situations, including 1oad
flow, fault resistance, voltage collapse, parallel-line effects, variations of
fault inception angles through small increments, and varying source impedances,
The second test set placed heavier emphasis on performance of the directional-
comparison pilot relaying., Test results indicate that the pilot protection
programs offer high security in the presence of typically difficult relaying
situations, such as faults on a parallel line with sequential clearing. This
produces a power reversal on the protected line in the midst of fault pro-
cessing, with careful coordination of protection zone responses needed.

Finally, the MPS tests were critical for showing that some of the novel design
features truly fulfilled their promise. The major example is a new reach-
correction algorithm, incorporated as part of the non-pilot distance measurement
program. It considers prefault source angle difference, and apparent resistance
at the time of the fault, to compensate for the resulting error in measured
reactance. The algorithm demonstrated its ability to substantially reduce the
errors from this cause, yielding improved coverage of non-pilot distance protec-
tion and better post-fault estimation of the physical location.

Testing of Other Fault Protection Types

During MPS testing, a limited number of test cases were recorded for checking
operation of bus and transformer relays. However, Taboratory testing has placed
more emphasis on analytically-generated fault data. The off-line generation
programs include mechanisms for saturation of ct cores, current-inrush phenomena
of power transformers, and varying dc-offset transients and fault current
distribution factors among differential zone feeders for internal and external
faults.

The relaying programs for both transformer and bus protection incorporate a com-
bination of novel supervised instantaneous measurements which trip in under 8
ms, and more conventional variable percentage-differential measurements, with
second-harmonic restraint in the case of the transformer cluster. Live data
from laboratory sources is useful for testing the new instantaneous techniques
while the simulated data testing gives the most meaningful results for the per-
centage differential measurements. Specialized live-data sources, such as
currents with controlled harmonic content, are also used to verify steady-state
thresholds and characteristics,
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WESPAC SYSTEM FEATURES FUR ENHANCED FIELD TESTING

Several features have been incorporated into the design in order to facilitate
field testing and modifications. These are described below.

On-Line Testing Features

1. Self-checking is executed in each processor during the free portion of
the control execution cycle. It includes checking of the operational
integrity of the digital system and application-oriented checking using
known relationships of currents and voltages,

2. Special Test modes are provided so that a PC can be put into a test mode
by an operator for maintenance. Signals from a PC in test mode are not
used by the rest of the system for normal operation. An operator option
is provided for either blocking or permitting control outputs during
testing.

Tools for System Installation and Maintenance

These tools consist of hardware and software which are used in the off-line
mode, They include:

1. Automatic System Generation (SYSGEN): an interactive program that
prompts the user for information describing the system and constructs
the system data base.

2. Picture Generation Program: uses the same operational procedures as the
on-1ine man-machine interface system to generate or modify CRT pictures,
and link objects on the screen to the system data base.

A utility using these tools and standard microprocessor development equipment
can assembly or modify system software packages without detailed programming
knowledge.

INITIAL FIELD EXPERIENCE

The stand-alone relay was installed and commissioned at the Branchburg
Substation of PSE&G Co. in September of 1984, It is connected to ac signals
from one end of the 32-km, 500 kV Deans-Branchburg line, with trip outputs con-
nected to auxiliary monitoring relays only.

No faults have occurred on the line, or in any of the relaying zones of the line
protection, in the year which has passed. However, fault detectors in the
WESPAC terminal software react even to minute disturbances in voltage or
currents, calling distance programs to be sure no problem exists. Over 90 such
disturbance detections occurred just between May and September of 1985, and

each produced an SOE printout. Many of these have been correlated by PSE&G with
distant faults or switching operations, but others apparently resulted from
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e causes so minor or remote that they were not readily identified, Such extreme

L G sensitivity gives the designers assurance that no nearby fault will pe missed,
and indicates that fault detector sensitivity may be reduced to cut down on the
volume of printed SOE output; this reduction has not yel been made,

With regard to hardware operation, wiring and circuit modifications were made in
April of 1985 which eliminated certain system idiosyncraries observed by PSE&G.
The PROMS of the stand-alone MMI were changed to improve operation of the inter-

- face at the same time. Remarkably, no failures of electronic components or
modules have occurred since shortly after commissioning.

CONCLUSIONS

The WESPAC concept has a large potential impact on the construction of future
electric power substations. The project participants have been reporting over
the course of several years on the underlying philosophy, goals, economics and
design concepts. At the same time, specific design, construction, programming,
and installation of a demonstration has been taking place,

The present paper has provided a picture of where the development stands as the
full integrated system nears its 1986 field installation. System elements have
been demonstrated in the laboratory, Line protection clusters performed well in
extensive model power system tests., A stand-alone line cluster has been installed
at PSE&G since September of 1984, although no nearby faults have occurred vet,

Throughout the development, the project team and EPRI have emphasized and
addressed the issues associated with a system of this nature intended for wide-
spread utility installation - economy and cost Jjustification, hardware
reliability, performance of relaying and other critical control functions, in-
formation reporting to operators and engineers, flexibility with regard to vary-
ing applications and modification of substations, compatibility with existing
equipment and wiring, and immunity to surges and EMI. In addition, EPRI and the
designers are working to standardize interfaces among elements of the hierarchy,
s0 that units from different manufacturers can be combined at one substation.

Practical results obtained so far, combined with observation of constantly-
declining costs and expanding capabilities of digital nardware used in WESPAC,
have made the project team members optimistic about the prospects for commercial
application of the system. Utility engineers who have had close contact with
the work have shown similar enthusiasm. In Tight of this, the present work pla-
ces high priority on development of optional tools to make the WESPAC easier to
apply, use, and maintain.
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APPENDIX

FUNCTION LIST

Protection Functions

Y

B

Line fault protection

Transformer fault protection

Bus fault protection

Breaker-failure protection

Fault protection for live-tank breakers and ¢t modules
Transfer tripping - send and receive

User-set protection for zones in the station requiring special coverage
during certain apparatus switching states

Qut-of-step protection

Shunt reactor protection

Automatic Control Functions

[ ]

3

Local control of voltage and VAR flow

Tie 1ine tripping

Load shedding

Automatic reclosing of transmission lines
Synchronism checking and synchronizer clgsing

User set, automatic apparatus switching-sequence execution

Monitoring Functions

]

L+

Pilot-channel monitoring and automatic testing
Transfer-trip channel monitoring and automatic testing
Line load monitoring

Transformer overload monitoring




]

Monitoring and control of breakers and switches
Self checking - hardware
Self checking - ac input signals

Inferential measurement check (substation state estimation)

System Interfaces, Data Acquisition, and Displaying

@

L]

Local man-machine interface
Remote SCADA/EMS interface

Interface to other remote locations - maintenance dispatcher, protection
engineer, etc,

Alarming

Data logging

Revenue metering

Recording and dispTay of sequence of events (SOE)
Oscillography

Line fault location estimation
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