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INTRODUCTION neering, design, equipment purchase, installa-

The ‘‘Digitization’’ of the utility substation
has been both a boon and a bother for the average
utility engineer. On the positive side, smaller
packages with increased functionality and lower
life cycle costs are very attractive. On the
negative side, the utility is overwhelmed by the
rate of change of technology, and mostly, the
inability to intelligently integrate the masses of
data that are available from these devices. This
paper examines the drivers and objectives of
integrating digital devices in a high voltage
substation. A strategy to achieve these objectives
is presented, and the implementation and
installation of such a substation integration
system in a 345kV substation is presented.

UTILITY DRIVERS

There are a number of forces at work in the
industry that are driving the utilities toward
integration. To start, utilities today are being
challenged to do more with less. In accepting that
challenge, managers are carefully examining ways
of reducing both Capital Expenditures and
Operation & Maintenance (O&M) budgets as
well as augmenting revenue.

One approach being used today is the instal-
lation of functionally integrated Intelligent Elec-
tronic Devices (IED’s). The digital relay IED, as
an example, integrates protection with control,
metering, oscillography, Sequence of Events
(SOE), and communication. Having one piece of
equipment perform all these functions affects
both the capital and O&M budgets through the
optimizing of equipment ‘‘Life Cycle’” costs.
Life Cycle costs integrate all expenditures asso-
ciated with a piece of equipment. The cost
components include equipment evaluation, engi-

tion, commissioning, periodic and required
maintenance, and decommissioning. Installing
one piece of equipment to perform all the above
functions instead of individual pieces of
equipment for each function has a tremendous
impact on a substation’s total Life Cycle costs.
For example, in a high voltage substation, stand
alone installed costs of some of the integrated
functions mentioned above are listed in Table 1A.

Table 1A

Installed
Function Cost

® Station Fault Recorder $200,000

- 64 Analogs

- 128 Digitals
® Annunciator $25,000
® Meter Panel (Per Line) $5,000

As the next level of integration is achieved,
other substation costs can be reduced through
shared facilities as shown in Table 1B.

Table IB
Installed
Function Cost
® RTU $45,000
@ Wiring per Breaker $5,000

One component of the equipment Life Cycle
that has received special attention is that
of maintenance costs. Typically, equipment



maintenance is scheduled either on a fixed time
basis or on the basis of a specific number of
device operations. In many cases, the mainte-
nance could have been delayed until evidence of
performance degradation was observed. For
example, an equipment monitoring study was
done [1] toexamine the cost savings obtained
in breaker maintenance by monitoring breaker
performance. Substantial cost savings were
predicted (see Table 2) over the life of various
breakers if the average maintenance period on a
breaker was extended by four years.

Table 2: Lifetime Q&M Savings
from Delayed Maintenance

Breaker Type Savings
® 145 kV Oil $7,599
® 362 kV Dual Pressure SF6 $13,954
@® 300 kV Air Blast $29,282

Assumes 13% RO, 6% Inflation,
30 Year Service Life

Source: Reference [1]

Other forces driving towards integration are
the advanced adaptive and system control fea-
tures that then become viable. In these advanced
features, system knowledge now becomes avail-
able allowing the relays to dynamically change
operating parameters. With system knowledge at
a central level, system stability and power flows
can be controlled. Being able to effect system
control would permit utilities to transfer more
power across their existing grid than possible
with existing stability limitations. Minimizing
the Area Control Error (ACE) and supporting
additional power sales translate into increased
revenue.

Technology has become a major driver toward
integration. The exponential growth in commu-
nication, microprocessor, and software technolo-
gies has accelerated the development of inte-
grated systems [2]. Trends point to continued
growth with future emphasis on "intelligent"
software.

Lastly, one motivating force thatis not neces-
sarily measured financially is that of customer
service. Utilities often set goals for themselves
for customer power availability. Many Public
Utility Commissions require reporting of outage
times greater than a specific threshold. For this
purpose, system integration gives the operator
and engineer much more information as to
““what happened’’ allowing for faster system
restoration. In conjunction with information
availability, another byproduct of integration is
forensic analysis of any misoperations. Problems
with either the relay or system design can be
tracked down more efficiently and repaired,
thereby improving overall system reliability
and availability.

OBJECTIVES / DESIGN STRATEGY

In laying out the architecture of an integra-
tion system for a high voltage substation, a number
of criteria were established as ‘‘desirable’’ to
meet. The criteria were obtained through focus
groups and discussions between GE and AEP.
AEP has been involved with the research, devel-
opment and implementation of digital protection
systems since 1972 and provided a utility per-
spective on the integrated design. Key items are
as follows:

@ Interoperability: Be able to communicate
with any manufacturer’s IED today and
tOMOITOW.

@ Reliability / Security / Dependability ( Basic
relay characteristics): Aim for same degree
in total system.

® Provide a platform for Substation
Automation.

@ Redundancy: Any single failure shall not
affect system performance.

® Provide a platform for Artificial Intelligence
(AI) applications: Items such as fault
analysis, selected data transmission and
power system coordination would be
effected through this function.

® Flexible / Expandable: A system designed
for today with hardware and software easily
modified for future features.



As the design strategy for how to best
meeting the outlined objectives evolved, a long
term road map was drawn up and potential risks
and road blocks were identified.

The strategic cornerstone of the Integrated
Substation embraces the concept of distributed
functionality. Although centralized architectures
have been proposed, the industry has naturally
followed the path of decentralization - similar to
what has occurred in the computer industry. The
distributed architecture has the advantages of
expandability for any size substation, high
reliability through shared redundancies (for
example, oscillography), minimization of
wiring, and selected performance upgrade
capability.

In setting the strategy for interoperability,

an assessment was made of where we are today"

versus where we want to be tomorrow. Today,
each IED manufacturer has its own command
language and its own data format. The only
commonality is that most IED’s have a physical
layer interface based on the Electrical Industry
Association’s (EIA) RS-232 standard. The
language diversity and physical interface
commonality led to an initial system architecture
of a substation Host device, with star- configura-
tion communications. Each connection in the

"star" canthen be RS-232, or converted as appro-
priate on the physical layer. The strategy then is
to perform the data link layer and application
layer translation in software giving the system
flexibility to communicate with any IED. In the
future, attention will be focused on the search for
the ‘‘Promised LAN’’ (Local Area Network)
where any device may be connected to this LAN
and be automatically recognized and brought
into the fold.

In view of the problems that have resulted
from all the different communication techniques
today, a major strategy decision was to base the
design on as many standards as possible. Asa
majority of the development effort would be in
software, use of standards in this area was
extremely important to facilitate portability of
the system to new hardware platforms should
they become necessary. Some guidelines for
achieving communication standardization have
beenestablished by EPRI through the specifica-
tion of a Utility Communication Architecture
(UCA). UCA specifies a suite of communica-
tion protocols structured on the International
Standards Organization’s (ISO) 7 Layer com-
munication model, depicted in Figure 1. Ad-
herence to the UCA specification will facilitate
achieving a common protocol.
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Figure 1: 7 - Layer UCA Model
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To achieve flexibility and adaptability,
strategy was set to facilitate a ‘‘Staged Implem-
entation’’ of functionality from both a software
and a hardware perspective. The system should
be field upgradable with room for growth on the
existing platform.

LONG TERM ROAD MAP

In implementing the design, it was
recognized that having a long term vision of
where Substation Integration was going
would influence the system design today.
Some of the directions that were noted are:

® Peer to Peer Communication - the ability for
one IED to have direct access to any number
of other IED’s in a substation to share data
and control.

@ Shared Functionality - functions like breaker
failure, adaptive reclosing, etc. might reside
on multiple processors. A ‘‘floating”’
protection processor may exist on the LAN
such that upon detection of a failed protection
processor, the ‘‘floater’” assumes the
functionality of the faulted processor.

® Wide Area Network (WAN) Interface - be
able to share substation data on a system wide
network as well as to accept real time system
control commands.

@ Merger of SCADA and Substation Host
functions - as most of the SCADA functions
can be implemented through a distributed
architecture, the lines between these two
functions will disappear.

DESIGN / IMPLEMENTATION

Given the objectives and strategy outlined
above, a Substation Integration System, named
G-NET, was architected. At the heart of the
system is the Substation Host. The Host is a
computer-based device which is resident in
the substation, and which is intended to
communicate with many types of IEDs in the
substation. The various functions of the
Substation Host include:

® Real-time data acquisition from IEDs, either
periodically or on an exception basis.

@ Condensing and prioritization of data for
fault, SOE, and alarm reporting.

® Time synchronization of IEDs, so that all
events are time-tagged on the same time base;
this time base may itself be synchronized via
an IRIG-B interface to absolute time by the
use of a time receiver in the substation.

® Alarm annunciation.

® User-configurable graphic representations of
the substation, updated on the CRT screen in
real-time.

® Automatic remote alarm notification, with
alarm messages and back-up analysis data
routed only to those off-premise locations
which need the notification.

® Access to all Host-resident data from
off-premise computers.

® Manual settings changes to IEDs, from the
Host user interface or from off-premise
computers.

® Manual control of end devices (breakers,
switches, LTCs, etc.) from the Host user
interface or from off-premise computers.

® Sypport for future automatic control
functions, performed via either embedded
algorithm software, or by user-defined
sequences.

® Support for future adaptive relaying
intelligence performed via user-defined
computations and sequence of actions.

In keeping with the strategy of a ‘‘phased
implementation’’, the initial system design set
out to utilize existing capabilities of today’s
substation devices while allowing for modifi-
cation or expansion as new types of data and
new means of data communication become
standard. In particular, the ability of today’s
IEDs to communicate via RS232 was the focal
point of the communication interface, as no
industry agreement on a LAN exists.



The G-NET Substation Host incorporates a
commercially-available industrial grade PC, with
12MB RAM and a 120MB disk drive. The Host
alsoincludes a color-graphics monitor, keyboard,
optional printer, multiple 8-channel serial
communications boards, built-in modem, optional
IRIG-B input board for absolute time synchroni-
zation, DC-to-AC converter to power the
computer from the station battery, and an
interface box containing signal conditioning/time
synchronizing hardware. Figure 2 shows the
system construction with the functional blocks
identified.

The software for the substation Host
was developed on a realtime UNIX®platform
and incorporates the standard X-Windows/
Motif Graphical User Interface (GUI) and a
commercially available database software pack-
age. The application software employs a static
data base of user configuration data. This data
base describes, among other things, the type of
device connected to each serial port, the relative
significance of all possible alarm conditions, the
list of computer phone numbers for routing
various types of alarms, the user-configured

CRT Monitor

Industrial PC

Tray with Keyboard

Printer

Interface Unit

DC/AC Converter

Space for Additional

Interface Units

Figure 2: Host Substation Description

The PC is based on a 386 processor, running
at 33 MHz. The DC-to-AC converter is specially
engineered to tolerate voltage dips to 88V,
enabling the Host to continue operating during
electrical fault activity. The interface box is used
to superimpose a time-synchronizing signal onto
eight serial communications lines, using an
unused signal line in the standard 25-signal
RS-232 scheme. In a system which incorporates
more than one 8-channel communications board,
additional interface boxes can be added.

graphic displays, and a multi-tiered access
security scheme. Although this data base is stored
on the hard disk drive, once the Host is powered
up, the entire database is transferred t0 RAM
memory so that the Host can continue operating
even if a disk drive failure should occur.

The Host polls each device connected to it
approximately once a second, receiving real-
time analog quantities, contact input statuses,
and the status of the various connected devices.



The static data base information described above
is sufficient for the Host software to determine
what commands to transmit at each port and how
the data received at each port will be interpreted.
The Host updates the CRT displays with new
values received and, if appropriate, new alarm
indicators. All new events are added to the Host’s
merged sequence of events list, sorted in tume
order. If an alarm or fault has occurred, the Host
searches its data base to determine which remote
locations, if any, it should dial up to notify. All
alarms and events are also logged to the printer as
they are received by the Host.

In order to make the Host expandable for
future capabilities, a software architecture was
required to support additions and modifications
without extensive changes to the existing soft-
ware. This was accomplished in two ways: first,
the use of UNIX®and C-language implementa-
tion allow for portability to a number of different
computer hardware platforms, should this be
required in the future to support added function-
ality. Second, the application software is
architected in such a way that all functional
subsystems interface only with the static and
dynamic data bases, not directly with each other.
Should a subsystem need to be added or substi-
tuted, no changes to the other software subsys-
tems should be required. This software inde-
pendence concept is depicted in Figure 3.
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Figure 3: Substation Host Software

MARYSVILLE SUBSTATION SYSTEM
DESIGN AND INSTALLATION

In early January, 1993, a Substation
Integration System was installed in Ohio Power's
345kV Marysville Substation - part of the AEP
System. The system is comprised of a G-NET
Substation Host, one Digital Line Protection
(DLP) relay, and one Digital Line Monitor
(DLM). Therelayis replacing an older static
relay which was protecting the East Lima line.
The line monitor is being used in conjunction
with the existing electromechanical relays
protecting the Hyatt #2 line. The Marysville
Substation One-Line Diagram, as displayed on
the Host's CRT screen, is shown in Figure 4.

The Digital Line Monitor samples the
currents and voltages on the line, as well as up to
twenty-four contact inputs, sixteen times per
cycle. When the line monitor is triggered (by
overcurrent, undervoltage, or contact inputs), it
captures thirty cycles of oscillography data and
performs fault type and fault distance calcula-
tions. The contact inputs are interfaced to the line
monitor via electronic target sensors (ETSs).
These contact inputs can be trip outputs from the
electromechanical relays, breaker statuses, or
alarm signals from any substation equipment.
The line monitor time-tags all changes of contact
input state within one-millisecond accuracy.

In the Marysville Substation installation, 24
contact inputs are being monitored by the
DLM, including E/M relay outputs, carrier
signals, breaker statuses, and miscellaneous
alarm signals. To overcome the distance
limitations of RS-232 cables (specified for
distances of only up to 50 feet), AEP is using
fiber optic cables to connect both the relay and
the line monitor to the Substation Host, using
special purpose RS-232/Fiber Optic adapters.
Each device is connected to the Host via three
fibers: one to transmit data, one to receive data,
and one to carry the time synchronizing signal.

For operation of the Substation Host, a
database description of the installed system was
developed. All interconnected devices are named,



as well as all the internal datapoints. Alarm
points and states are specified, as well as
respective alarm responses. The one-line
diagram in Figure 4 was "drawn" on the CRT
and the desired "dynamic" data points on the
display were identified and appropriately
located. To accomodate this data definition and
design process, a number of database config-
uration tools are embedded in the Substation
Host's Software. A team consisting of AEP,
Ohio Power, and GE personnel worked together
to engineer the elementary and wiring diagrams
in order to minimize the design and installation
time required.

The physical installation of the described
components went very well, considering the
unfamiliarity of the field personnel with the new
technology. The relay and line monitor had a
number of connections and required an
installation effort comparable to that of a
typical modularrelay. One area forimprovement

that was noted was in the mounting and wiring of
the electronic target sensors. New designs were
recommended that would minimize the amount
of rewiring required for the sensor installation.
The ease of installation of the Substation Host
was noted - requiring only A.C. and D.C. power
and the connection of six (6) fiber optic cables.
The ease of installation is a major cost saving
(compared to the installation cost of an RTU) and
is a fall-out of the distributed data acquisition
design approach.

The Substation Host came pre-loaded with
software from the factory which permitted a swift
startup and immediate peripheral device com-
munication without any significant problems.
Operation and maintenance personnel have taken
to the system with alacrity and have found the
system to be user friendly and very tolerant of
user input errors. No lock-ups or system crashes
have occurred to-date.

G - NET SUBSTATION Host Version 0.1
Marysville 345 KV
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Figure4:
Marysville Substation One-line Diagram



OBSTACLES TO INTEGRATION

As we head down the road to integration,
there are bumps to be smoothed, obstacles to be
overcome, and speed limits to be observed. The
most formidable obstacle will be that of
agreeing to a communication standard. At
present, there are numerous IED’s, some
different communication media, no common
application language or format, and a number of
companies (utilities and manufacturers) taking a
number of approaches to integration. As time
goes on, the base of non-standardized IED’s will
continue to grow compounding the problem.

In reference to observing speed limits,

utilities in general tend to move cautiously with
new technology. The fact of the matter is that
there is a large base of EM relays that have a
proven track record and many years of available
service life. As such, the move to integration
technology will accelerate slowly - having to
prove itself in operation.

Lastly, most utilities are inherently not struc-
tured to embrace integrated systems. As an
integrated IED may cross traditional func-
tional boundaries, complete acceptance by all
affected parties may be slow in coming. Utili-
ties will need to reorganize to accelerate accep-
tance and make optimal use of integrated tech-
nologies.

CONCLUSIONS

There are forces at work internally within the utility, as well as externally from technology, that are
driving toward integrated substations. Clear objectives and strategies are required today with a vision
of where we are headed in the future. A system has been designed and installed today that takes a first
step toward substation integration; this system is based on standard hardware and software and is
positioned for growth in the future. The obstacles to integration will have to be understood and evaluated
in light of the benefits achievable through integration. As the demonstratable benefits increase, the
appropriate methods for overcoming the obstacles will be devised.
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