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The WSU Protective Relay Conference was held this year in Sacramento.
I represented, singularly, Pacific Power in the general meetings and in the
first planning session for next year's conference. Sacramento was selected
this year to emphasize that this was a "Western" not a "Northwest" conference.
Little additional attendance appeared from the Southern area over that received
when the meeting was held in Spokane, so the consensus is that the meeting will
remain permanently in Spokane. I would 1ike to see Pacific show a 1ittle more
financial support of our regional meetings (send more people) if possible. 1
find that in our work there is a return in motivation as well as in the areaof
knowledge when one can communicate with other engineers of similar work specialty.

The papers presented this year can be grouped in six categories as
follows:

1. SYSTEM CONTROL AND DESIGN

Six Phase Fault Computations and Relaying Methods

- Lyle L. Gleason
Seattle City Light (retired), Seattle, WA

- F Robert Bergseth
University of Washington, Seattle, WA

Pacific Northwest Stability Controls for Light Load - Heavy Import Conditions

- Carson Taylor
Bonneville Power Administration, Portland, OR

These two papers are both of direct interest. The first describes
stability Timits and relay and control additions to live with potential instabil-
ities at times of large system power transfers. The second paper describes an
extremely innovative design development for increasing voltage (and power) rating
for a dual-circuit single-tower configuration.

2. TRANSMISSION PROTECTION - EHV

MICA 500 kV Protection - A Segregated Phase Comparison System with
Special Features for High Tower Footing Resistance

- Maurice J. Lefrancois
B. C. Hydro & Power Authority, Vancouver, BC, Canada

The Development and Operation of an Ultra High Speed
Relaying System for EHV Transmission Lines

- Jules Estergalyos
Bonneville Power Administration, Portland, OR
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Ultra High Speed Transmission Relay
- L. Matele, Vasteras, Sweden

- John Linders, Strongsville, OH
ASEA, Inc.

The MICA project paper is the result of a Canadian-Westinghouse proposal
for a project very similar to Pacific's Midpoint-Malin 500 Tine which included
single-pole relaying. Apparently, a more sophisticated and complete offering was
presented by the Canadian-Westinghouse firm than that offered Pacific by the Newark
team.

The ultra-high speed development by ASEA for BPA was presented and is a
significant development in the speed area. I dislike (fear!) indiscriminate
application of relatively insecure (but fast) relaying systems so as to make
relatively small incremental increases in intertie schedules. I think industry
guidelines need be set before regional or national ones are dictated.

3. UTILITY MANAGEMENT

Corporate Economic Modeling Encourages Relay Standardization

- C. P. Dalpiaz & D. T. Norman
Utah Power & Light Co., Salt Lake City, UT

Utah Power & Light again seems to be out front in innovation, first
with their model line, then development of state-of-the-art computerized dispatch,
now in the extent their financial model has been extrapolated within the company.
The result has been not only altered work methods but also a complete new set of
standard designs for substation meter and relay control panels. Standardization
to the last washer is accomplished through design, specification, and purchase
via two manufacturers.

4. TRANSMISSION RELAYS - GENERAL

Logic Concepts - New Transmission Line Relaying System

- W. A. Elmore
Westinghouse Electric Corp., Newark, NJ

Breaker Failure Relaying

- W. A. Elmore & H. J. Li
Westinghouse Electric Corp., Newark, NJ

New Concepts in Ground Relaying for Transmission Lines

- L. E. Goff, W. C. New, J. B. Williams
General Electric Co., Philadelphia, PA

Transient Response of Distance Relays

- C. A. Mathews
General Electric Co., Philadelphia, PA
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LOON LAKE TOUR

Loon Lake Power Plant

The Loon Lake MVA Power Plant is built 1000 feet underground. It is
approximately 85 miles east of Sacramento with a reference point 15 miles west
of Lake Tahoe.

The Loon Lake tour was very interesting and worth seeing mostly as it
is uniquely a totally buried facility (almost).

. E. Franzel
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STABILITY CONTROLS
FOR
PACIFIC NORTHWEST HEAVY IMPORT CONDITIONS

Carson W. Taylor
Bonneville Power Administration
Portland, Oregon

Abstract - New transient instability patterns have evolved within the
Pacific Northwest and the western North American interconnection.
Increased use of hydro generation for peaking and development of base
loaded coal-fired generation in the Rocky Mountain states contribute to
reduced stability levels throughout the western interconnection during
light load conditions.

New transient stability controls discussed include direct tripping of
2800 MW of aluminum reduction plant load, HVDC fast power changes, and
generator dropping. Revisions to the Pacific Northwest underfrequency
load shedding program are described. The importance of various pro-
tective relays in the transient stability of large power systems is
emphasized.

Presented at Washington State University's Fifth Annual Western Pro-
tective Relay Conference, Sacramento, California, October 16-18, 1978.



INTRODUCTION

Since the Pacific 500 kV AC Intertie was energized in the late 1960's,
stability of this Intertie has been of principal concern to the western
interconnection. Until recently, the Pacific Northwest was primarily an
exporting region and ?ransient stability enhance?ent measures such as a

1400 ynamic brake , l-cycle circuit breakers™, and ultra-high-speed
relays™’ were developed to allow heavy north to south AC Intertie power
schedules.

Following AC Intertie imstability, several control measures have been
used to prevent further breakups in parallel, but weaker, transmission
paths from the Pacific Northwest to the Pacific Southwest through the
Rocky Mountain States. These measures include hydro generator dropping
in the Northwest and controlled separations. Controlled separations of
Arizona and the Pacific Southwest from Utah and Colorado is by a transfer
trip signal based on AC Intertie opening or by a local rate of power
change relay. Separation of Utah from Idaho and Wyoming is by an out-
of-step relay.

Due to several factors, new Pacific Northwest (and western intercon-
nection) stability problems are more complicated and of a different
nature. Development of ceoal-fired generation in the Rocky Mountain
States with low stability levels to Pacific Northwest and Pacific South-
west load centers have recently contributed to several widespread system
breakups. The low stability levels are due to inadequate transmission
capabilities caused by economic and enviropnmental pressures on utilities
and reduced series capacitor compensation due to subsynchronous resonance
considerations.

Another factor which changes the nature of stability problems is the
increasing tendancy to use hydro and oil-fired generation for peaking.
During light load conditions, heavy imports to the Northwest from the
Southwest, the Rocky Mountain States, and British Columbia are likely.
The reduced rotating inertia and the reduced generator voltage support
in the Lower Columbia area {northern end of AC Intertie)} and Middle
Snake area (eastern end of Tdaho-Northwest interconnections) due to the
light loads reduce stability levels. These conditions first became
apparent in 1977 as a result of drought related adverse hydro conditions.
However, the heavy import, light load critical conditions are likely
during the late summer and fall in future vears.

Figure 1 shows a simplified interchange diagram for the western inter-
change. Most of the interconnections shown have relatively low transient
stability levels and the Montana, Idaho, and Wyoming areas are vulnerable
to internal breakups. Note that, although California may be exporting
around 2000 MW to the Northwest, they can be net importers.



SCENARIOS FOR ISLANDING OF THE PACIFIC
NORTHWEST POWER SYSTEM

Transient stability simulations together with recent operating experience
have revealed probable scenarios for islanding of the Northwest as a
region during heavy import, light load conditions. Various contin-
gencies of fairly high probability can result in instability of eastern
(Rocky Mountain states) interconnections and the AC Intertie. Instability
of heavily loaded remote hydro generation in British Columbia is possible
following islanding of the Northwest together with British Columbia.

Initiating events which could lead to Northwest islanding include loss

of a large generating plant (over about 800 MW) in the Northwest or
British Columbia, loss of the Pacific AC or HVDC Intertie, or opening of
key transmission lines in the Rocky Mountain states. The interconnections
between the Northwest and eastern systems are often loaded close to
steady-state stability limits and stability levels are generally lower

on these lines than on the AC Intertie.

Islanding of the Northwest would result in a large-generation load
unbalance with reduced rotating inertia due to the heavy import, light
load conditions. System frequency decay rate would therefore be quite
high. High speed underfrequency load shedding would be required to
prevent underfrequency tripping of thermal generating plants. The
Centralia plant trips instantaneously at 57.8 Hz, while the Trojan
plants trips instantanecusly at 57.7 Hz and at 58.0 Hz with 1.2 second
delay.

The ultimate result of islanding with the inadequate load shedding
presently installed could be a regional blackout. Following islanding,
abnormal voltages exist and, considering the voltage sensitivity of
loads, analysis shows an alternative outcome might be sustained operation
at low voltage, high current, and near normal frequency. A potential

for considerable equipment damage exists.

As an example of the above scenarios, frequency deviation for simulated
loss of 1100 MW at the Trojan Nuclear Plant is shown on Figure 2.
Northwest stability with Montana, Idaho, and the Southwest is lost at
120, 170, and 220 cycles, respectively. This results in a Northwest
generation deficit of about 3500 MW. Following islanding, 2500 MW of
aluminum plant load is tripped by the AC Intertie load tripping control
described below. An additional 800 MW of existing high speed load
shedding occurs between 260 and 240 cycles. At about 284 cycles, the
G. M. Shrum hydro plant (2200 MW) loses stability. At 377 cycles, the
Centralia steam plant (1200 MW) is tripped by underfrequency relay set
at 57.8 Hz. Induction disc underfrequency relays with sensitive settings
would begin to operate after 360 cycles but were not represented in the
simulations.



CONTROL MEASURES TO PREVENT TRANSIENT INSTABILITY

Several control measures have either been implemented or have been
proposed for transient stability enhancement during Northwest heavy
import conditions. These include revision of underfrequency load
shedding, aluminum plant load tripping prior to underfrequency con-
ditions, HVDC fast power changes, and generator dropping in systems that
are accelerating.

Underfrequency Load Sheddin

Load shedding is not a stability control but is a mitigation effort
following instability resulting in islanding. Until recently the North-
west has not experienced underfrequency conditions requiring load shedding.
In the fall of 1977, coincident with drought related heavy imports, it

was realized that the Northwest Power Pool (NWPP) load shedding program
was inadequate. The widely used induction disc underfrequency relays

were too slow to coordinate with the thermal plant underfrequency relays
for the high frequency decay rates expected.

The NWPP load shedding program is currently being revised with wide-
spread replacement of the slow relays with high speed underfrequency
relays. The planned load shedding schedule will shed up to 60 percent
of total load uniformly between about 58.7 Hz and 59.3 Hz. Either

0.1 Hz or 0.2 Hz intervals between load shedding steps will be used.

Direct Load Tripping

Since fairly high probability contingencies can lead to islanding of the
Northwest, it is desirable (within cost constraints) to employ stability
enhancement control measures to avoid abnormal frequency conditions.
This is particularly important prior to completion of load shedding
program revisions.

Last fall, BPA implemented controls for high speed tripping of up to
2800 MW of aluminum reduction plant load immediately following opening
of the AC Intertie with south to north power flow. This prevents rapid
deceleration of Northwest generation and instability of eastern inter-
connections leading to islanding.

Further analysis indicated a number of other contingencies for which
load tripping is necessary to avoid islanding. The load tripping is now
being extended to cover the following events.

1. Loss of the Trojan nuclear plant.

2. Loss of over 800 MW of generation in British Columbia. This
loss is detected by a sudden real power change on the two
Custer-Ingledow 500 kV lines (BPA-BC Hydro interchange point)
along with sudden real power changes at the G. M. Shrum or
Mica hydro plants.



3. Loss of the HVDC intertie loaded above about 800 MW.

4. A breakup in the Rocky Mountain states resulting in loss of
imports to the Northwest. This is detected by an out-of-step
relay at Hot Springs Substation and is armed when the AC
Intertie is loaded above about 1200 MW south to north. This
relay will provide some backup to maintain AC Intertie stability
for failure of the three above load tripping controls.

Figure 3 shows voltage rises accompanying islanding and aluminum plant
load tripping for the loss of Trojan simulation described above. Because
of the voltage sensitivity of remaining loads, these voltage rises
reduce the effectiveness of direct load tripping or underfrequency load
shedding. Assume, for example, constant current loads (load increase
proportion to first power of voltage increase). Then with 10,000 MW of
remaining load, a 10 percent voltage increase would result in an 1000 MW
load increase. If 2000 MW of load was tripped, the effective value
would initially be only 1000 MW. In some cases the voltages immediately
following the direct load tripping can be as high as 1.3 pu. Voltage
regulators reduce overvoltages within about half a second.

HVDC Fast Power Change

For opening of the parallel Pacific AC Intertie, a fast power change
capability of about 700 MW on the Pacific HVDC Intertie is planned.

When HVDC power schedules allow the 700 MW of unused capacity, this
capability will reduce the amount of load tripping following AC Intertie
opening.

Generator Dropping

Aluminum plant load tripping is effective in preventing AC Intertie
instability but less effective in stabilizing interconnections with the
Rocky Mountain states (eastern systems). Since the eastern systems are
exporting to the Northwest with generators accelerating during dis-
turbances, generator dropping in the eastern systems can have a stabi-
lizing effect. For opening of the Bridger-Borah 345 kV line loaded at
581 MW, Figure 4 shows the effect on rotor swings of dropping one unit
at Colstrip and onme unit at Jim Bridger 68 cycles after the line opening.
The generator dropping could be initiated by out-of-step relays located
near swing centers in Montana and Idaho. Fairly sensitive relay settings
are required to insure fast enough generator dropping. Faster tripping
would reduce the severity of the rotor swings. For disturbances origi-
nating within the Northwest, generator dropping could provide backup for
load tripping. For many disturbances originating within the eastern
systems, generator dropping could prevent a widespread breakup where the
units proposed for dropping might be lost in any case.

There are no plans at present to implement this generator dropping.
Although dropping of steam generation is much more costly than dropping
of hydro generation, controls presently exist for dropping a number of
large steam units in the western interconnection. Most of the generation
dropping is for loss of transmission lines integrating the generation to
the transmission grid.



THE IMPORTANCE OF PROTECTIVE RELAYING IN TRANSTENT
STABILITY OF POWER SYSTEMS

Analyses of breakups and blackouts reveal the key role of various types

of protective relays. For example, the 1965 Northeast blackout was
triggered by a zone 3 distance relay operating on overload. Apparently
the August 7, 1977 breakup in the Rocky Mountain states was also triggered
by an undesirable zone 3 operation. The 1977 New York City blackout and
other breakups have bgeg due to undesireable operation of generator loss
of excitation relays.”’ Voltage relay supervision of the loss of
excitation relays would have prevented the New York City blackout.

Because of the importance of protective relays, they should be incor-
porated in transient stability simulations to a much greater extent than
they generally are at the present time. This will involve data gathering
efforts and close cooperation between relay and planning engineers. In
addition to more accurate simulations, relay modeling greatly facili-
tates analysis of simulation results of large scale power systems.

Rather than studying numerous plots of various variables, a quick scan
of relay operations and consequential switching will often suffice.

A few of the more important protective relays are discussed below and
related to Northwest heavy import simulation results:

Distance Relays

Line protection distance relays are the normal means for system separa-
tion when stability is lost. For the unstable simulations discussed

above and for recent system breakups, 30-40 lines relay due to out-of-
step conditions. Most of these lines are in the Rocky Mountain states.

Automatic reclosing of lines tripped by distance relays is generally
undesirable during breakups. It may be feasible and desirable to auto-
matically block reclosing on lines prone to tripping during breakups
based on type of relay operation {(allow reclosing only for ground
faults).

As discussed above, zone 3 relays operating on overload can trigger a
breakup. For this reason and for economics, BPA stopped applying zone 3
relays for main grid protection about 1970. This was justified by the
low probability of multiphase faults and the use of redundant primary
relaying along with breaker failure relaying.

In typical BPA transient stability simulations, distance relaying is
represented on over 100 transmission lines. In addition, if distance
relays are not represented explicitly, the BPA program can represent
distance relays on a default basis. Typical settings are assumed and
the default option is computationally efficient. Lines with phase
comparison relay, out-of-step relays, etc, must be represented explic-
itly. For 230 kV and higher lines, the default representation assumes
communication channels so that simultaneous zone 2 operation at each end
of the line will trip the line.



Out-of-step Relaying

OQut-of-step relaying is actually a stability control rather than pro-
tective relaying. A fairly large number of out-of-step tripping and
out-of-step blocking controls are installed throughout the western
interconnection. These controls should, of course, be represented in
stability programs.

Regarding out-of-step blocking and related protective relaying, the
prevention of asynchronous operation following instability is important.
Asynchronous operation can result in equipment damage due to overheating
or shaft fatigue. Some interesting simulation results pertaining to
possible asynchronous operation are outlined below:

1. Several lines in the western interconnection have out-of-step
blocking relays which block all tripping. Although this
prevents tripping on stable swings, it tends to prevent sep-
aration for instability. Simulation results for unstable
cases indicated that the swing trajectories for the slip
cycles following the first swing moved very rapidily through
the concentric impedance characteristics and out-of-step would
not be detected. Line tripping may then occur on the first
slip cycle. Circuit breaker out-of-step switching duty may be
very severe.

2. In a number of simulations, asynchronous operation resulted
due to swings passing through transformers or lines protected
by phase comparison relaying. The subsequent slip cycles were
fast enough that distance relays might not operate even if the
swing center shifted to a line protected by distance relays
(especially true if the swing trajectory was close to the
relay balance point).

3. In the loss of Trojan simulation, a swing center was almost
exactly at the Kelly Lake British Columbia 500 kV bus with the
trajectory being inside the distance relays looking either
north or south for only a few milliseconds. Subsequent slip
cycles were much faster and asynchronous operation between
G. M. Shrum and the Northwest was sustained.

Undervoltage Relays

The importance of load models, particularily the voltage sensitivity of

loads, in transient stability programs is generally recognized. Equally
important, however, is protective relaying applied to large individual

loads. Figure 5 shows severe voltage dips for the loss of Trojan simu-
lation. How much load would be dropped due to a-c¢ contactor type pro-
tection? How much of the load would be protected by much slower induction
disc undervoltage relays? Clearly, proper tripping of large loads due

to undervoltage is an area for improvement of transient stability simulations.



CONCLUSIONS
Evolving power system characteristics due to technical, economic, and
environmental factors present challenges in maintaining transient stabil-
ity for high probability initiating disturbances. New stability controls,
including direct tripping of large loads, are described. These controls
can prevent islanding of the Northwest as a region with very large
generation-load unbalances. Various protective relays are shown to be
critical in the transient stability of large power systems. There is a
need to expand representation of protective relays in transient stability
simulations.
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Forward

The object of this presentation is to tell you about the
transmission line protection chosen for what we call our Mica 500 kV
system.

First we will give you a brief description of the Mica 500 kV
system and how it relates to the total B. C. Hydro system. We shall then
outline the requirements for the protection system.

Following will then be a brief description and review of the
basic system chosen; a Westihghouse SPCU (Segregated Phase Comparison
System). For those already familiar with this system we ask you to bear
through the brief review we wish to give before going on to discuss the
more unique supplementary features.

We will then discuss the supplementary features incorporated
with the SPCU system to give us adequate performance under conditions of
high tower footing resistance, weak source conditions and blinding due to
load.

An analysis of performance with particularly high tower footing

resistances will be given.



The Mica System

(Refer to Figure 1 and 2)

The Mica 500 kV transmission system is designed to tie the Mica
generation to the main load center in the B. C. Lower Mainland.

The Mica Generating Station now has four 457 MVA units and will
ultimately have a total of six units.

The 500 kV transmission system consists of two circuits from
Mica to an intermediate switching and transformation station at Nicola.
From Nicola we have two circuits co the Lower Mainland, one terminating at
Ingledow and the other at Meridian. The total transmission distance from
Mica to the Lower Mainland is in the order of 340 miles. All line sections
are completely transposed. It is to be noted that except for very short
distances from the terminal stations these lines do not have the benefit
of overhead ground conductors.

Series capacitors are planned for some later stage of development.
These will be no greater than 50% compensation and would be installed near
the midpoint of the Mica-Nicola circuits and at near the 1/3 point from the
Nicola terminal of the Nicola-Lower Mainland circuits.

Shunt reactors have been installed at both terminals of the Mica-
Nicola circuits and at the Nicola terminal of the Nicola-Lower Mainland
circuits. These reactor installations consist of three star comnected

45 MVAR reactors with the neutral end grounded through a 1000 ohm neutral
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reactor. The neutral reactor functions to reduce the secondary arc current

and the secondary recovery voltage during the open pole period in a single

pole trip and reclose operation.

The staging in the system commissioning is to be noted. This

was as follows:
iy
2)
3)

4)

5L81 (Nicola-Ingledow) - 1976
5L71 (Mica-Nicola) and first units at Mica - 1976
5182 (Nicola-Meridian) and more units at Mica - 1977

S5L72 (Mica-Nicola) - 1978
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Protection System Requirements

The basic requirements for the protection of the four Mica system

500 kV circuits were to be as follows:

Reliability - To assure reliability two separate sets of

Speed -

Sensitivity -

protection were required - primary and standby.
Consistent with this the primary and standby
protection each connect to separate C.T. secondary
windings. The circuit breakers are equipped
with primary and standby trip coils.
The objective was to achieve 4 cycle clearing
times for the total length of the line. This
includes 2 cycle breaker time leaving 2 cycles
for the relaying (including communications channel
delay). Note that under some conditions of reduced
fault current we can expect longer clearing times.
The protection was required to detect all faults
including:
- An open conductor with one end on the ground
- Faults with no (or very weak) positive sequence
source behind one bus, i.e. in the early stages
of the Mica system when only circuit 5L81
(Nicola-Ingledow) was in service Nicola was

a very weak source.
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- Faults with very high ground resistance.

Because of the lack of overhead ground

conductors and the geological conditions the

tower footing resistance for many line

sections is very high. Relay performance

under these conditions is discussed in a

later section. )

Selectivity - The protection system was to be capable of single

pole trip and reclose on single line to ground
faults and three pole tripping and reclosing on
multi-phase faults. The single pole reclose time
set at 40 cycles is not supervised. For the three
pole operation reclose is set at 60 or 80 cycles.
On the Mica-Nicola circuits we reclose at Mica if
the parallel line is in service as determined by
parallel line current supervision followed by
reclosing at Nicola on restoration of line potential.
On the Nicola-Lower Mainland circuits we reclose at
Ingledow or Meridian followed by reclosing at Nicola
on restoration of line potential if the parallel

line to the Lower Mainland is in service as

determined by parallel line current supervision.
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Basic Relaying Scheme

The basic scheme chosen was a Westinghouse SPCU (Segregated Phase
Comparison System). The basic features of this scheme will be briefly
reviewed in this section.

To cater for the particular requirements and the extreme fault
conditions of the Mica 500 kV transmission system, Westinghouse incorporated
significant supplementary features in the protection package and these
are discussed in the following section,

The system adopted comprises two identical SPCU systems, primary
and standby each made up of four subsystems (A, B, C and N). Basically,
during a fault each current is compared in phase relation with the remote
current. This is done on a phase by phase basis. For this there is a
SPCU relay for each phase and for the neutral currents.

Looking at the basic SPCU logic we will first review the functions
of some of the main components following: (refer to Figure 3).

CD - (Change Detector) is designed to give a minimum 50 msec
output for a sudden current change (magnitude or angular
shift).

It arms the local comparison AND and allows transmission
by keying off guard.

I;, - Overcurrent Unit is to enable the comparison AND. It is
set with pickup above line charging current so as to prevent

operation on line energizing.
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Igy - Provides for square wave keying derived from the current.
Sensitivity isaR7.4 ms pulse at= .18 amps (= 7.4 ms pulse
atzz .12 amps in neutral subsystem).

Igyp and ISWN - Provides positive and negative local square
waves derived from the current. This is used
for the comparison AND.

I - At very low currents Ig indicates open breaker conditions

and will provide continuous keying to the remote terminal.

F.V. - (Frequency Verifier) checks the time between adjacent zero
crossings to be at least 5 milliseconds. It will block the
comparison AND for high frequency components which can
occur due to line charging of shunt capacitance. This can
occur during line energizing or on external fault clearing.

Iy - This is a high set overcurrent element which will trip
directly.

Coincidence Timers - To provide added security when comparing

the local and remote currents we must have
comparison AND output (coincidence) for 3
milliseconds. We choose to operate in the

::: two count mode so that we must have either
two 3 millisecond comparisons or one 5
millisecond comparison.

The SPCU system is inherently designed for comparison on both

positive and negative half cycles (dual comparer). However, to save on
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channel requirements we have elected to use two state tones and operate

in a single comparer mode (refer to Figure 4). This means that on a

system comparing on positive half cycles we key the tone transmitter to

the trip state on the positive half cycle and let it return to guard on

the negative half cycle. This guard inherently blocks the comparison AND

during alternate half cycles. For our system the primary phase subsystems

compare on the positive half cycle and the standby phase subsystem compares

on the negative half cycle. The primary neutral subsystem compares on the

negative half cycle and the standby on the positive half cycle, When both

the primary and standby protection systems are in service we then

effectively have a dual comparer mode of operation which can advance

tripping by half a cycle.

We will look at the typical sequence of events on the primary

phase subsystem for an internal fault (Refer to Figure 5). At the remote

terminal the CD operates on the current change and allows alternating square

wave keying of the tone transmitter. At the local end this keying is

received but delayed by the channel time of 22 8 msec. At the local

terminal the CD and the If, operate to enable the comparison AND. The Iswp

at the local terminal (which is following the local current) is delayed by
777777777 the LDT (local delay timer) set to compensate for the channel delay of the
keying received from the remote terminal. In the case illustrated in the
attached figure we will obtainx7 milliseconds of coincidence during the first
cycle after fault inception. Relay trip output will occur after 5 milliseconds
of coincidence. For the case illustrated this trip output is & 25 milliseconds

after fault inception.
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Looking briefly at the neutral subsystem (refer to Figure 6) we
find it similar to the phase subsystem previously described except for
the following:

- There is no requirement for a CD to arm the comparison AND

- Instead the I} unit serves to arm the comparison AND as

well as allow transmission of trip keying. The Iy unit
can be set relatively sensitive since normally there is
little neutral current.

- The Ig function which was applicable to the phase

subsystem is not applicable to the neutral subsystem.
This means that the neutral subsystem cannot operate
for a single line to ground fault occurring when one
terminal is open.

- The coincidence timer in the neutral subsystem is set

for 4 milliseconds. Note that the phase subsystem
coincidence timer is set at 3 milliseconds. This is
because the phase subsystem is subject to greater
misalignment caused by such effects as load current for
high impedance ground faults.

The main disadvantage of the basic SPCU is the requirement for a

separate tone channel for each primary and standby subsystem (A, B, C and N)

for a total of eight per transmission circuit for our system.
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The main advantages of the basic SPCU are as follows:
1) The major problems of future series compensated lines are
solved
- low frequency oscillations during faults
- phase impedance unbalance due to gap flashing
2) High Speed Operation due to angle diversity between
phases for multi-phase faults and the elimination of
filters in the phase comparison circuit.
3) Redundancy in that A, B, C and N back each other up.
4) Inherent phase selection.
5) Has the advantages of current only relays
- no problems with mutual induction
- no problems with loss of potential

- correct relaying for close in three phase faults
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Supplementary Features

The basic SPCU system described in the preceding section will
cater for tripping on multiphase or single line to ground faults provided
either a phase comparison can take place or the Iy element (high set
overcurrent element) operates. To cater for single phase tripping on single
line to ground faults the SPCU phase subsystem on the faulted phase must
operate to give us phase discrimination. The sensitivity of the phase
subsystem is limited by the Ij (overcurrent arming unit typically set at
approximately 360 A on the Mica system) set to override line charging
current. The neutral subsystem has a mnre sensitive Iy setting (set at 200
amps on the Mica system) but it cannot by itself identify the faulted phase.

For SLG faults it is necessary to achieve adequate semsitivity

and phase selection under conditions of particularly

high ground resistance. To this end the basic SPCU protection has to be
supplemented. The supplementary features are discussed in this section as
follows:

1) @ITT (Phase Identified Transfer Trip) (Refer to Figure 7):

This serves to

commmicate the identity of the faulted phase to the remote terminal.
The @ITT is sent from a terminal whenever that terminal has detected an
internal fault and has identified the faulted phase.

Keying of PITT is accomplished by keying both the primary and

standby tones of the particular phase to continuous trip for a minimum of
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60 milliseconds. At the receiving end the PITT is recognized upon
receipt of simultaneous trip on primary and standby tones for 4 milliseconds.
The four millisecond time is to override possible overlap due to channel
jitter which can exist between the primary and standby trip keying during
normal square wave keying. 1In the event that a channel is out then
receipt of continuous trip on one channel for 25 milliseconds will also
give the PITT function. Note that continuous trip on primary chainel gives
PITT for that primary subsystem and similarly continuous trip on the standby
channel gives @ITT for that standby subsystem. Under normal keying,
continuous trip keying (caused by DC offset) with no SPCU trip is cut off
after 20 milliseconds and the 25 milliseconds for single channel SITT
is set to coordinate with this.

2) TIN (Transfer Trip Neutral) (Refer to Figure 8): This serves

to communicate

to the remote terminal that an internal fault has been detected. It is
required by the neutral logic if there is no operation or a delayed operation
of the neutral SPCU at the remote terminal. It is initiated from a terminal
at the same time as the PITT.

At the sending terminal both the primary and standby neutral
subsystems are keyed to continuous trip for a minimum of 60 milliseconds.

At the receiving end (similarly to that for $ITT) the TIN is
recognized upon receipt of simultaneous trip on primary and standby tones
for 4 milliseconds or receipt of continuous trip for 25 milliseconds on one

channel in the event that a channel is out.
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The TIN function could be derived directly from the PITT logic.
However, for the event that either primary or standby tone is out of
service for the particular phase resulting in the slower (25 millisecond
timer) PITT then the TTN with two tone channels (primary and standby)
will be derived more quickly (4 milliseconds). This could mean faster
tripping.
3) 3lo Fault Detector: This is a sensitive, non direétional
overcurrent detector. It supervises
tripping initiated by @ITT plus TIN.
4) Isw Neutral System Return Keying Circuit (Refer to Figure 9):
In the basic phase
comparison scheme, keying of the neutral tone channel requires that the
neutral current be above the setting of Iy (overcurrent arming unit).
For a high ground resistance fault at one terminal with weak
infeed from the other terminal there may not be sufficient current at the
weak infeed terminal to operate Iy and allow channel keying even though
there is sufficient current to operate the Igy.
The Isw return keying circuit at the weak terminal provides for
Isy keying upon receipt of neutral keying from the remote terminal provided
the local Iy is not picked up. This will allow the remote terminal to
complete its neutral phase comparison.
There will be no neutral phase comparison at the weak terminal

since Ipy will not pick up to enable the comparison AND.
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5) Phase Selectors (Refer to Figure 10): The phase selector
relay is another means
of locally identifying the faulted phase during a single line to ground fault.
The phase selector relay we apply operates on the basis that for
an idealized single line to ground fault the negative and zero sequence
current components in the faulted phase are coincident with one another.
It also accounts for the fact that in practice these components could be
separated by an angular shift in excess of 30°. This angular shift can
be due to local resistive shunt load.
As illustrated in Figure 10 for a phase A-G fault with 0° shift
between the negative and zero sequence current components there is 180°
coincidence between components in A phase and 60° coincidence in B and C
phases. For phase A-G fault with 30° shift between the negative and zero
sequence current components there is 150° coincidence between components
in A phase, 30° coincidence in B phase and 90° coincidence in C phase.
The phase selector relays measure the coincidence time between
the negative and zero sequence components to determine the faulted phase.
""""" For the Mica system this coincidence timer is set at 5 milliseconds (1080)
and would correctly select the faulted phase for the cases illustrated in
777777 Figure 10.
For terminals with a weak positive sequence and hence negative
sequence source behind them the angular shift between the negative and zero

sequence current components can become excessive leading to incorrect

phase selections.
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For this reason the phase selectors at Nicola were initially
disconnected until three 500 kV lines were terminated into Nicola.

6) Ground Backup Trip (Refer to Figure 11): For faults with

very low current
flow it is possible that there will be no phase identification at either
terminal, and that only the SPCU N subsystem will effect a comparison
(detect an internal fault). After a time delay the SPCU N trip output
will operate the ground backup trip timer to achieve three pole tripping.

The ground backup trip timer has to be set to coordinate with
the maximum time in which a SPCU N trip would occur under fault conditions
for which there is phase identification. For a trip on N SPCU COMP +
PITT the SPCU N could be maintained in the order of 150 milliseconds before
resetting. We, therefore, require a time delay of approximately 180
milliseconds on the ground backup timer.

With the supplementary features described above there are several
trip options available for single line to ground fault. These are
illustrated on Figure 12 and are as follows:

# SPCU IH - where the local current is sufficiently high to

operate this high set overcurrent element

@ SPCU COMP - where there is sufficient current at both

terminals to effect a successful phase comparison
NSPCU IH + § SELECT or NSPCU COMP + @ SELECT - where there is
not sufficient
current for phase comparison on the phase subsystem
but there is sufficient current for a neutral

phase comparison and for phase selection.
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NSPCU IH + @ITT or NSPCU COMP + @ITT - where there is not
sufficient current for
phase comparison on the phase subsystem but there
is sufficient current for a neutral phase comparison
and where the remote terminal having identified the
faulted phase keys a @ITT signal.

TIN + PITT + AoFD - where there is not sufficient current for
phase comparisons on either the phase or neutral
subsystems and the phase selectors do not operate
due to inadequate current and where the remote
terminal having identified the faulted phase keys
PITT and TIN.

TIN + @ SELECT - this trip option is essentially redundant.
However, for the case where one incoming channel
has failed and we have to rely on single channel
@ITT (25 msec) then it could be faster than waiting
for tripping via TIN + @ITT + 3IoFD.

o For phase to phase faults with a weak positive sequence source

behind a terminal there may be inadequate
rrrrrr current at the weak terminal for phase comparison in all of the faulted
phases. We may also have the combined effect of a weak positive sequence
source and load current result in adequate current for phase comparison
in one phase and inadequate current in the other phase due to blinding by
the load current. For these cases the basic SPCU system has to be

supplemented as described following:
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1) WSD (Weak Source Detector) (Refer to Figures 13 and 14): The
WSD is essential for phase to phase
faults where current at the weak terminal is inadequate for phase comparison
on all faulted phases. It will also function for the case where there is
adequate current in only one of the faulted phases.

The WSD consists of two elements AV and AI. The AV element
measures the voltage in one phase minus the voltage in an adjacent phase

- (i.e. VA - VB’ measures phase to phase voltage) and has an adju{?able
dropout setting. The AT element measures the current in one phase minus
the current in an adjacent phase (i.e. IA - IB) and also has an adjustable
dropout setting.

The principle of the weak source detector is based on the fact
that for a phase to phase fault;

—AV approaches zero between the two faulted phases close to the point of

fault. AV at the line terminal increases as the fault is further away from
that terminal. Normally the AV elements will see a voltage magnitude equal
to normal phase to phase operating voltage.

— A1 between two faulted phases adopts a value of twice the fault current

for a fault at the weak terminal and considering resistive load at that

””””””””” terminal. A low AI signifies a weak source.

Operation of the WSD results when both AV and AI drop out. The

— WSD must be set for operation as follows:

a) At the weak source for all internal phase to phase or three
phase faults for which there would not be adequate current to enable keying
by the SPCU ISW (square wave keying element).

b) At the strong terminal for external faults behind the terminal.
This setting must be coordinated with the weak terminal to ensure that if the
weak terminal can operate for a fault behind the strong source then the

strong terminal will also operate.
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WSD must not operate as follows:

a) at weak terminal for fault behind it

b) at strong terminal for a fault toward the weak source

WSD will perform the following functions on operation (drop out
of AV and AI).

a) At weak terminal it will key the tone transmitter to continuous
trip to enable phase comparison at the strong terminal and subseqhent tripping
at that terminal. The weak terminal will then trip on receipt of direct
transfer trip (as described in 2) following) or by a AV conversion to
three pole tripping (as described in 3) following).

b) At the strong terminal if the WSD operates this indicates a
fault behind the strong source and the WSD will block the comparison AND.

For the Mica system Nicola is considered a weak source for the
event of only one 500 kV circuit into the Nicola bus and weak positive
sequence source behind the Nicola bus.

2) DIT (Direct Transfer Trip) (Refer to Figure 15): A DTT signal

is keyed to the
remote terminal whenever a three pole trip is initiated by the line protection.
The receipt of DTT at a terminal results in three pole tripping.

The tone channels used for the DTT function are the same channels
which are also used for shunt reactor transfer trip function and for breaker
failure function.

As an example of the usefulness of this function let's refer to

the WSD operation described in 1) above. (Refer to Figure 16). For an
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internal phase to phase fault where there is inadequate current
at the weak terminal for §SPCU COMP, the WSD for the two faulted phases
at the weak terminal keys to the strong terminal. The strong terminal
is thus able to complete a comparison on the two faulted phases and trip
three pole. The strong terminal keys DTT to the weak terminal. At the
weak terminal where no phase comparison has occurred three pole tripping
will occur on receipt of DTT. )
3) Undervoltage Three Pole Trip (Refer to Figure 17): For the
phase to phase fault where one
phase has adequate current for a phase SPCU operation and the other phase
is blinded by load current, the WSD previously described can serve to
ensure operation on both phases. However, for these cases there will be a
reduced phase to phase voltage which is detected by the AV element of
the WSD package described in 1) preceding. Under these conditions where
there is one SPCU phase trip and a AV operation (AV dropout), what would
be a single pole trip is converted to a 3 pole trip. For this case the
undervoltage three pole trip would likely achieve fault clearing from both
terminals somewhat faster than if we were relying on the WSD operation.
With the above described supplementary features the trip option
for phase to phase faults are as follows: (Refer to Figure 18).
20 SPCU Iy - where the local current is sufficiently high to
operate both faulted phase high set overcurrent

elements.
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2f) SPCU COMP - where phase comparison has been effected on

both faulted phases.

1§ SPCU COMP + AV - where only one phase was able to complete
a comparison and the other phase due to
too low a current at the weak terminal
did not operate then the AV element
effected a conversion to 3 pole trfp.

Received DTT - where the remote terminal line protection has

initiated a 3 pole trip a DTT is transmitted to
the opposite terminal.

For failure of communications channels (Refer to Figure 19):

We have one set of channel
independent protection at each terminal. This consists of an impedance
relay (21L) for phase faults and a non directional overcurrent relay for

ground faults.

Normally this protection is delayed via a long time delay timer,
set at 2 seconds.

In the event of a tone chamnel failure occurring in both the
primary and the standby SPCU phase comparison tones, the backup protection
reverts to a short time set at 0.1 seconds.

Note that for some very high resistance ground faults where there
is inadequate current to effect a neutral system comparison the backup
ground relay can serve to provide for three phase tripping. This is
illustrated in the next section analyzing performance with high tower

footing resistances.
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Performance Analysis with High Tower Footing Resistances

As mentioned previously the B. C. Hydro 500 kV transmission lines
are not equipped with overhead ground conductors or counterpoise (except
for very short distances out of the terminal stations). In addition the
soil and rock conditions for much of the lines are such as to make for
particularly high tower footing resistances.

Note that for the Mica system counterpoise conductors were added
to supplement the grounding only for limited sections where the tower
footing resistances would be too high for successful relaying of ground
faults.

Because of this these lines are subject to a high number of single
line to ground faults caused by lightning and the ground fault currents are
of considerably reduced magnitude such as to make relaying particularly
difficult.

All the Micadrcuits are subject to this problem. However, let us
examine 5L82 in some detail as to the performance of the protection for
high resistance ground faults.

The tower footing resistance profile for 5L82 is illustrated in
Figure 20. It is observed that the ground resistance ranges up to 775 ohms
nearer the Meridian terminal.

We will examine ground faults at three different locations on 5L82
and analyze the relay performance we expect for these particular faults.

The analysis will be done on the basis of normal system prefault conditions
with all four Mica 500 kV circuits in service and four generators on the

bus at Mica.
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For a fault at A (149 miles from the Nicola terminal and 5.4 miles

from the Meridian terminal) the tower footing resistance is 550 ohms
(refer to Figure 21).

For this fault (neglecting system impedance) the fault current
distribution follows:

3Io Total - 525 A Primary = 1.31 A Secondary with 2000/5 CT's

3Io Meridian = 511 A Primary = 1.28 A Secondary

3Io Nicola - 14 A Primary = .04 A Secondary

Relay settings are as follows for both Meridian and Nicola:

Iyg - 3600 A Iy 2400 A

Irg - 360 A Iy 200 A

Backup CO-9 Pickup 200 A 1 Time Dial trips via timer set at 2 seconds.

From the foregoing it can be seen that at Meridian there would be
adequate current for the Ipg and ILN elements to operate, and arm the phase
comparison logic. However, at the Nicola terminal there is inadequate
current for this and nor is there enough current for return keying of the
neutral subsystem (since the Igy unit has a sensitivity requiring approkimately
.12 A to provide a 7.4 millisecond pulse). Fault clearing will have to rely

on the C0-9 backup protection with the following sequence and approximate times:

At Meridian CO-9 time .8 seconds
Backup timer 2.0 seconds
Direct Transfer Trip Meridian to Nicola .02 seconds

Nicola Breaker Time .03 seconds

Total Clearing Time 2.85 seconds
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For this fault with a resistance of 550 ohms our planners
indicate a stability limit in the order of 8 seconds.

For a fault at B (127 miles from the Nicola terminal and 27.4

miles from the Meridian terminal) the tower footing resistance is 775 ohms
{(refer to Figure 22).

For this fault the fault current distribution follows:

3Io Total - 372 A Primary = .93 A Secondary with 2000/5 CT's

3Io Meridian = 301 A Primary = .75 A Secondary

3Io Nicola = 71 A Primary = .18 A Secondary

Relay settings are as indicated for fault A

With 301 A at Meridian there is adequate current for I{yN to
operate, arm the phase comparison logic and key square wave pulses to
Nicola. Nicola with .18 A (secondary current) has adequate current for
Isy neutral current retum keying so that neutral subsystem phase comparison
can take place at Meridian. There is also adequate current at Meridian

for faulted phase selection. Meridian will trip via;

N SPCU COMP + @ SELECT

With tripping at Meridian the current at Nicola increases to 360 A.
Ipny will then operate.

We will assume Nicola trips via;

N SPCU COMP + QITT

Other trip paths then also available to Nicola are;

N SPCU COMP + @ SELECT

TIN + PITT+ 310FD

TIN + @ SELECT

f SPCU COMP (Possibly)
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The following sequence and approximate times can be expected;

At Meridian N SPCU COMP + @ SELECT 2wV
Breaker Time 20v

At Nicola N SPCU COMP + QITT 1rv
Breaker Time _2v

Total Clearing Time 7V

For a fault at C (25 miles from the Nicola terminal and\129.4

miles from the Meridian terminal) the tower footing resistance is 150 ohms
(refer to Figure 23).
For this fault the fault current distribution follows:
3Io total = 1925 A
3Io Meridian = 408 A
3Io Nicola = 1517 A
Relay settings are as indicated for fault A.
With the above currents this is adequate for faulted phase subsystem
and neutral subsystem comparison at both terminals.
The trip sequence and approximate times for both terminals can

be expected as follows:

§ SPCU COMP iv
,,,,,,, Breaker Time e
3

Examining the requirements for single pole operation it is
recognized that the minimum current requirements are that there be

sufficient current at one terminal for I;n to operate. For our system
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the Iy N elements are set at 200 A so in our analysis we are looking for
250 A to positively ensure operation. At the other terminal we require

at least sufficient current for Igy neutral current return keying. The
Igy neutral unit requires approximately .12 A to provide a 7.4 millisecond
pulse. With our 2000/5 CT's this translates to 48 A primary. In our
analysis we are then looking for 50 A to ensure successful comparison via
Igy neutral current return keying.

Based on the above, for 5L82 we have plotted the locus for the
maximum tower footing resistance which will allow for single pole operation,
Referring to Figure 24 it can be seen that despite the exceptionally high
tower footing resistances we can expect single pole relay operation for the
entire line except for some faults close to Meridian. For these faults we

have to rely on the CO-9 backup protection to effect three pole tripping.
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Conclusion

This paper has described the approach we have taken on a part
of our 500 kV system to meet our particular requirements and conditions.
These included a requiremenf for single pole operation accompanied with
high tower footing resistance and weak source conditions.

Our choice has been the basic Westinghouse SPCU system with the
supplementary features described. We are not suggesting that other
available protection systems would not also meet our requirements.

We hope that the information presented may be of use to others

faced with similar requirements.
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I.

II.

ABSTRACT

Rapidly varying economic considerations make corporate planning
very dependent on multiple~case evaluation. Computer modeling of
many of these considerations as inputs to an overall corporate
model allows examination of available alternatives. Standardization
to assist in computer modeling by providing building-block estimating
modules also spins off benefits in relay panel design, application,
personnel training, and faster construction cycle times., Many

companies already use standard packaging which can be computer—

listed for estimating. This method of organizing equipment, accounting

and approval procedures to accurately project time and money required
is very beneficial when a vigorous construction program is being

pursued,

INTRODUCTION

Why is there a need for a Corporate Model? The increased
usage of electric power, due to a strong economy in Utah Power &
Light Company's service area, has resulted in an unprecedented
Company growth rate. The cost of providing increased service has
escalated faster than the regulatory commission has granted rate
relief. Financing this record high level construction program
requires an unprecedented amount of outside financing in the current
competitive money market,

Management at Utah Power & Light Company needs fast answers to
several questions., For example: When to ask for a rate increase?
How large? Should bonds or stock be sold? Should short-term loans
be used? Corporate modeling needed to be developed to simulate the
present needs and forecast the future capital requirements of Utah
Power & Light Company,.

Management first wanted to develop a financial model that
would be 100 percent correct in its internal logic. That is, the
model would make use of the present bond rvate, rate base, tax
laws, etc., and then from the projected construction budget forecast,
provide the various performance evaluation ratios shown in Table 1.
From these ratios management could plan the financial program for
the Company according to various scenarios run for examination.

To be most effective these scenarios must closely parallel the

actual Company expansion requirements and associated costs.



Various Company departments (Planning, Rate, Marketing,
Engineering) joined together to forecast the percent growth rate,
percent spinning reserve, and capital expansion required. Management
then ran sensitivity analyses with the financial model, fluctuating
the parameters and monitoring the results. When certain ratios
went out of tolerance they were noted, then the inputs were varied,
other case studies were run to identify the most critical inputs
and the best alternative,

This initial method of analysis required every department to
produce one year, five year and ten year construction budget
forecasts for every variation management needed. Because of time
requirements and manpower limitations, only a limited number of
alternatives could be explored. The best possible solution could
easily be overlooked.

To cope with these estimating problems, each department in the
financial model was asked to produce models for their input.

Then, when the forecast scenario changed to add or defer transmission
lines, delay plant construction, etc., the computer could be used

to quickly calculate overall numbers for many case studies, in

order that the best one could be chosen. Once the chosen plan was
selected, these modular listings could be used to plan the various
department activities.

In developing departmental models, the first requirement was
usefulness to that department. It was not meant to be an added
chore that needed to be done in addition to the normal work load,
but rather the model needed to streamline exactly what was being
done by hand. This was one factor which necessitated consideration
of a modular or standard package approach.

Personnel addition and turnover are also problems during
expansion, as new positions open and engineers move from section to
section. Although "standard"” equipment complements were already
being used, the detail assembly was being re-engineered for each
new application, requiring the engineer to study details before
grasping concepts. This was true in all sections, but especially
in protection and comntrol, where preparation of wiring and schematic
drawings was fast becoming a bottleneck. Estimating at budget time

was to often done by engineers who did not have enough time or



experience to foresee all the required expenditures. Consequently,
missed estimates, both high and low, compounded the financial
planning problem both with shortfalls requiring high-interest
borrowing, and with overcompensation and unnecessary borrowing.

Operating departments are faced with similar personnel problems
during expansion, and designs which are completely re-done for each
new facility hamper ease of operation and maintenance. Training of
operators and technicians is much easier with some "standard"
practice to learn, where deviations are minimized. Also, consistant
design practice allows eventual optimization, whereas random problem
solving leads away from ease of operational training.

Closely regulated accounting procedures and approval routing
paths can also forestall equipment requisition to the point that
project schedules are adversely affected. The corporate model can
also point out the need for early approval of long-term projects
by developing work schedules similar to critical-path modeling.
Availability of these schedules to the various sections and departments
can help integrate the total work effort, rather than completing

parts of different projects randomly.

ITI. MODELING TOOLS
Moving from the overall Corporate Model to the Engineering
Department sub-model, an analysis of the planning method divides

' as shown in Figure 1. Each of the

into several "Budget Items,’
Budget Items concerns a needed addition, whether large or small
specific items, or ongoing general items. For example, a specific
item might read "400 MW unit X-1 and associated transmission facilities,”
whereas a general item could be "transmission system improvements
up to $20,000."

Budget Items usually affect several locations within the
Company, and federal regulations require that each location be
accounted for separately. The accounting vehicle used is the
"Expenditure Requisition” or "ER." A Budget Item for a new stepdown
substation would include separate ER's for the source substation
termination, the transmission line, the new substation, feeder line

taps and re-conductoring, and any communication links required.



In the process of developing the Engineering Model, two new
levels of description were defined, although more could be used, if
felt necessary. The first is the '"module," which is a functional
grouping of all the components necessary to build a particular
portion of the substation or addition. The second and lowest level
of definition is the "hardware item." This level provides the
components which group to become a module. Another reference to
Figure 1 shows this relationship. The terms used in UP&L's organizational
assembly are probably similar to terms used by other utilities in
their budgeting and accounting process.

The various sections within the Engineering Department used
the above tools in slightly different fashion. Reference to the
various sheets of Figure 2 will show the definition of "functional"
modules chosen by Substation Design, Relay, Communications and
Transmission Line Engineering. Each section's listings are on a
somewhat different plane than the others. This is a decision which
each section makes, and involves their individual practices in
procuring equipment. Some buy components for assembly within the
Company, and others buy assembled units from outside manufacturers.
The modeling tools are available in either case. Figure 2-D, the
relay modules, also shows an early attempt to segregate the various
types of labor involved in a project, so that forecasting and
detailed comparison to actual would be possible. This will be
approached on a department scale, and each section can define up to
nine different types of crews on many different types of work, For
example, on a power transformer, specifying and ordering, unloading,
foundation work, locating, assembly, HV wiring, control wiring, and
checkout can all be individually estimated, searched, forecasted,
and accounted. Some time is required, after training of crew
supervisors on documentation, before valuable data becomes available
concerning forecasting, however. A committment to the method is as
important as the method itself, and considerable attention must be

paid to motivating the field personnel.



IV, PROTECTION AND CONTROL EQUIPMENT STANDARDIZATION
Segmenting of equipment into hardware items was done, again,

functionally by UP&L's Relay Engineering. The functional level

grouped several components onto a standard sized panel of 90 inch
height and width in multiples of 10 inches. Protection was separated
from control, and types of each were indexed, i.e.: transmission
line, sub—-transmission line, substation equipment, etc,

Each panel is documented with a description, specification
sheets, and drawings. The description contains application data,
design notes, and setting guidelines. Two specification sheets are
used to list the two major component manufacturers' items as well
as other items. These sheets are supplied to panel vendors for
bidding. Two sets of drawings in mylar reproducible form are
available, presenting panel layout, wiring, and schematic information
for the panel using the two major manufacturers’ components. After
selection of manufacturer, one of the mylars becomes a part of the
drawing file for that particular station. Several descriptive

photographs of the standard panels are included.

V. USE OF STANDARDIZED/COMPUTERIZED DATA

A, Estimation and Approval ~ Gathering of cost estimate data
into organized Expenditure Requisitions has been greatly simplified,
increasing the chance of quick approval of optimized configurations
while the facts of the problem are still fresh in the minds of
management. Refer to Figures 3A & 3B which describe the total
costs of a small 138/46 kV substation.

B. Design - Engineering and drafting costs can be significantly
reduced. For example, on a 345/138 KV substation recently done,
Relay Engineering showed that since only interconnection of standard
panels is required, and that since mylar reproductions of standard
linens can be used for 707 of the drawings of the protection and
control equipment, 66% of the former engineering and drafting
effort was saved. This amounted to about $15,000.00 on a station
of the size investigated, and allows for slight modifications (10%)
to the protection and control circuits to custom-fit the installation.

C. Procurement - As the designs solidify, and bidders become
more aware of the repeatability of the hardware items, cost and

delivery should tend to reduce., Also, as usage history develops,



some stocking of frequently used panels could be undertaken. A
sample material forecast is shown in Figure 4.

D. Conmstruction = The free-standing arrangement allows rapid
cabling and wiring both to other devices inside the control building
and to the yard devices. Wiring lists can be easily prepared to be
used by wiremen unfamiliar with the function of the panels. A
segment of the schedule of events for the sample project is shown
in Figure 5.

E. Checkout = The redundant nature of the panels allows a
technician to move his test set from one to the next during checkout,
without having to research drawings completely to verify function.
Also, increased familiarity with the panels allows more detailed
testing, increasing reliability.,

F. Maintenance & Modification - Interchangeability of compon—
ents and standardization of protection and control philosophy
allows rapid maintenance on a periodic basis. Also, upgrading of
these functions by panel replacement becomes more straightforward
as the role of a substation increases in importance.

G. Corporate Planning -~ The ability to vary planned facility
configuration quickly and accurately improves the selection of
alternatives. The tracking of costs related to projects approved
and underway allows financial reserve planning to operate with less
margin. These two effects combine to provide a significant reduction

in escalating costs to the customer.

OTHER SPINOFFS

A. Training — The standardized documentation of each hardware
item allows all levels of users to be trained more rapidly and
effectively. Engineers, drafters, and technicians can all be given
the big picture, with effective restraint on nonstandard solutioms
to relaying problems.

B. Application Considerations - Arguments over detail wiring
and connection methods can be elevated to discussion of the correctness
of the overall protection or control equipment application. Also,
the standard serves as a point from which to start when control and

protection philosophy changes occur.



V. SUMMARY

The Relay Engineering and Relay Maintenance sections at UP&L
have used the corporate model/standardization program to critically
examine the physical and electrical protection and control methods
in use and to optimize them for maximum benefit. The Engineering
Department as a whole has provided itself with faster estimating,
training, procurement and overall construction cycle times. The
Company has much more accurate input to it's financial model and

thereby much more efficient financial requirement guidelines.
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DYNAMIC CHARACTERISTICS OF MHO DISTANCE RELAYS

INTRODUCTION

For many years phase mho distance relays, of both electromechanical and static design, have used
memory action to produce a short duration output for zero voltage faults at the relay location. The
polarizing circuit contains a tuned circuit and, in effect, “remembers’’ the prefault voltage long enough
for the relay to make a decision as to whether the fault is in front of, or behind, the relay. Usually the
relay output lasts for only a few cycles and then the relay resets, since it is impossible for it to produce

a steady state tripping output if the polarizing voltage is zero.

The above explanation of memory action is usually associated with zero voltage, or bolted, faults.
However, in many cases fault impedance exists due to the presence of an arc, and the voltage is not
zero. The memory action actually produces a dynamic characteristic that has a much greater capability
to handle high-resistance close-in faults than is indicated by the steady-state charaéter_istic. The purpose

of this paper is to describe this dynamic characteristic.
It should be emphasized that this is not a new development, but is a description of a feature that is

present in any mho relay which uses the faulted phase voltage as the polarizing voltage and which also

uses memory action in the polarizing circuit. (1)

THEORY OF OPERATION

Relay Circuitry

This analysis refers to one relay unit of a thres-phase mho distance relay, for example the AB phase
pair unit. Phase distance relays normally use line-to-line voltage, VAB' and ""delta currents,”
| o — !B, so that the reach is the same in positive sequence ohms for phase-to -phase or three-phase

faults.

This analysis is based on a static mho distance relay, such as the SLYB1B (used in static terminals},

which uses a phase angle comparator to make a distance measurement. The measuring unit for



the AB phase pair is shown schematically in Fig. 1. The current input, [ o~1Ig, is passed through a
replica impedance, Zg, which determines the reach and the maximum reach angle of the mho
measurement. The voltage input, V 5 g, is used both as the restraint portion of the operating

signal and as the polarizing signal.

In the palarizing circuit, the memory circuit is a band-pass filter tuned to the system frequency. If
the input signal to the filter is suddenly short-circuited, as would happen for a nearby boited fault, the
memory circuit will continue to oscillate for several cycles at system frequency. If the fault is nearby
and contains fault resistance, the voltage V o will be reduced and phase-shifted to a position in phase
with the fault current, and the phase shift of the memory ci;'cuit output will be delayed for several

cycles.

For the standby condition with no load or fault current ﬂowinﬁ, the operating signal, Vyp, is 180°

out of phase with the polarizing voltage, and for this condition there is no input to the coincidence
timer. |f a phase-to-phase AB fault with no fault resistance occurs within the reach of the relay, and

if the angle of Zg is equal to the line angle, (I s—1g)Zg will be greater than V 5 g, Vqp will be in phase
with Vpgy , and the input to the coincidence timer will be a chain of coincidence blocks that are
almost one-half cycle long, with very narrow gaps between the blocks {see Fig. 2). This will produce

a trip output.

If fault resistance is present, VOP will not be in phase with Vp |, and operation of the relay will

occur when the coincidence timer input blocks are greater than 90°. Fig. 3 illustrates by means of an
{R-1X diagram the way in which a phase angle measurement producss a steady-state mho characteristic.
Regardless of the angle between V 5 g and | {or Ig), the 90° relationship between Vopand Vag
required for operation causes the resulting characteristic to be a circle. Quiput occurs when the angle ©
is equal to or less than 90°, or when the tip of the V g phasor falls within the circle. Dividing the
voltages by | produces a mho circle on an R-X diagram, and operation occurs when Z falls within

the circle.

Dynamic Characteristic

The dynamic characteristic of the mho relay with memory action is the result of the delay {in the



memory circuit} of the phase shift of the polarizing voltage from the prefault to the fault condition.

To illustrate the dynamic characteristic, consider the simple radial feed system of Fig. 4, where
impedances are given in secondary ohms. The source impedance is 6 ohms at 85° and the line
impedance from relay location to fault location is 2 ohms at 85°. The fault resistance is assumed
to have a value of 5 ohms, which is much larger than typical arc resistance values. This large value

of fault resistance is used only to illustrate the size of the dynamic characteristic.

For the prefault condition the voltages at the source (Vg), at the relay {Vg), and at the point on the
line where the fault occurs (V) are all in phase and equal to the source voltage as shown in Fig. 4.
When the fault occurs, the voltage at the relay location shifts lagging by 33°, and the volitage across
the fault resistance is in phase with the fault current and lagging by 54°, as shown at the bottom of

Fig. 4.

Fig. 5 is a phasor diagram with source valitage, Vg, as the reference. Note that the voltage drop in
the source impedance leads the source voltage by 31° and that the voltage drop from the relay to the

fault, which is the same as V 5 g at the relay, lags the source voltage by 33°.

When the phasor diagram of Fig. 5 is plotted on an IR-1X diagram it appears as shown on Fig. 8, with
all the phasors rotated clockwise by 36°. V apg at the source is the initial polarizing voitage, and V 5 p
at the relay terminals is the restraint portion of the Vyp signal, and therefore immediateiy after the
fault occurs these two voltages are different as shown in Fig. 6. The angle @ is measured between
Vop and V 5g at the source and this produces an initial dynamic characteristic as shown in Fig. 8.
The angle of Zg was chosen to be the same as the source impedance angle, and the magnitude of

Zg was chosen to produce a circle which passes through the tip of the Vag = IZg phasor. This
construction illustrates the point that the diameter of the initial dynamic characteristic circle is
equal to Zg (source impedance) plus Zg (relay reach). It also illustrates the point that the dynamic

characteristic has a much greater reach along the R-axis than does the steady-state characteristic.

It might appear at first glance that this characteristic is no longer directional because it includes

a large area below the R-axis. This is not true, because the construction of Fig. 6 is only valid for



current flow through the source impedance behind the relay and passing through the relay location
in the tripping direction. The area below the axis would permit tripping on a dynamic basis for
capacitive faults in front of the relay (if series capacitors are used) but it does not mean that the

relay would operate for faults behind the relay.

The dynamic characteristic as shown in Fig. 6 is the characteristic that exists immediately after

the inception of the fault. Following fault inception, the characteristic begins to “shrink’” towards
the steady-state characteristic as shown in Fig. 7. The particular characteristic which determines

the actual reach along the R-axis depends on the operating time of the relay. As far as the polarizing
voltage itself is concerned, the time for V 5 g to shift from the pre-fault to the fault position is
determined by the memory circuit time constant and the magnitude of the fault voltage present
during the fault at the input to the memory circuit. In general, this time constant is designed to be
long enough to provide a trip output for “practical”” faults in the first quadrant, i.e. faults with

arc-drop.

Arc-Drop Considerations

A practical fault between phases A and B will have a non-linear fault resistance established by the fault
arc. Since the arc voltage if relatively constant for all values of fault current, being typically 4 to 5% of
Vg, the fault resistance is inversely proportional to the fault current. However, the fault current

is inversely proportional to the line and source “impedance between the fault location and the infinite
bus behind the relay. The net result is that fault resistance due to arc drop increases as the source

impedance and relay dynamic characteristic diameter increases, and conversely the fault resistance

decreases as the source impedance and relay dynamic characteristic diameter decrease.

This relationship is illustrated in Fig. 8 and Fig. 9. Figure 8 shows the practical fault impedance that
will occur for a phase-to-phase fault at location R. (124 + IZ¢) is equal to the pre-fault voltage and
IR is equal to 5% of the prefault voltage. Therefore R is equal to approximately 5% of (Z1g * Zp).
Fig. 9 shows the same fault condition but with a smaller source impedance and therefore a smaller RF
for a fault at the same fault location. It is interesting to note that in both of these conditions, even with
an 85° reach angle on the steady state characteristic, the fault impedance is well within the dynamic
characteristic, and that the dynamic characteristic automatically increases in size as the fault resistance

increases.



Because the arc-drop voltage is essentially constant, infeed from the opposite terminal that is in-phase
with the local fault current does not change the effective fault resistance seen by the local relay.
Therefore Figures 8 and 9 apply to both double-end feed or single-end feed conditions provided that

the two source impedances are in-phase.

Effects of Load Flow

For most applications, on lines that are part of a strong system, there will be no significant effect on
the dynamic characteristic due to load flow. The key factor is the difference in angle between the
pre-fault voltage at the relay location and the voltage at the equivalent source which is driving the

fault current,

A system condition which could have a significant effect on the dynamic characteristic is shown in
Fig. 10, where several transmission lines in series connect a generating station (A) at the left with a
load center (B) at the right. Zpy is the positive sequence impedance between A and Bus 1, ZE is the
positive sequence impedance between Bus 1 and Bus 2, etc. Ry, R2, and R3, etc. are relay Iocationé.
The angular relationship of each bus voitage with respect to source A is shown below each bus
location. Fq, Fy, Fj, etc. are fault locations in front of each relay location. For simplicity, it is
assumed that the relay replica impedance angle is the same as the impedance angle of the various

line sections, and that this angle is 85°.

To explain the effect of load angle on the dynamic characteristic, consider first the relay at location
R1. The source of fault current flow at R1 for a fault at F1 is the voltage at A, but the pre-fault
voltage at R1 fags that voltage by 5°. In the previous description of the dynamic characteristic, for
the no-load condition, the pre-fault voltage was the same as the source voltage, and the dynamic
characteristic was much larger than the steady-state because the pre-fauit voltage angle was leading
with respect to the fault voltage. In the case of the R relay of Fig. 10, the initial polarizing voltage
lags the source voltage by 5°, and this will cause a slight reduction in the first quadrant reach along

the R-axis.

Fig. 11 illustrates the effect of the load angle on the dynamic characteristic. The source impedance

plus the relay reach form a "“constant chord” for both characteristics. |f the angle subtended by



the no load characteristic is 90°, the angle subtended on the load characteristic is 90° + § where §
is the angle that the prefault voltage at R4 lags the voltage at the source A. The same effect applies
at the other relay locations. For example, for the relay at R4 the subtended angle is 90° + 25° or 1157,

This characteristic is illustrated in Fig. 12.

For a condition such as this the dynamic characteristic can be shifted to the right by introducing a
fixed leading phase shift in the polarizing voltage, provided that the load flow is always in the same
direction. Of course, this also shifts the steady-state characteristic toward the R-axis, or to a lower

maximum reach angle.

For relay locations, such as Ry, Rg, and Rg, where the direction of load current flow is opposite
to the direction of fault current flow, the shift of the dynamic characteristic because of load flow

- angle is in the opposite direction, or such that it takes in more area in the first quadrant.

A more direct method of evaluating relay performance is shown in the next series of figures. Since the
itern of chief concern is the ability to detect a fault with fault resistance and located just in front of
the relay, these figures show the volitage phasors for Vp and the initial polarizing voltage for fauits at
F1, F2 and F3. In each case it is assumed that | lags the left source voltage by 85°, so that |2 in the

relay is in phase with the source voltage at the left.

In Fig. 13a, for the R relay and F1 fault, the arc voltage is small compared to IZ, and Vyp leads 1Z
by 2°. Vp_ lags the source voltage by 5°, so the angle between Vop and Vpn is 7°, a very favorable

angle for high-speed operation.

Fig. 13b shows the phasors for the R, relay and F2 fault. For this case, the arc voltage is a larger
percentage of the 1Z signal, and Vqop leads IZ by 5°. Vpq lags IZ by 15° resulting in a total angular

separation of 20° between Vyp and Vpy .

Fig. 13c shows the phasors for the Ry relay and F3 fault. The arc voltage is a still larger percentage
of 1Z and shows a phase shift in the clockwise or lagging direction due to the infeed to the fault from

the right hand source. The total angle between Vyp and Vpny is 38°. While this is still well under



90°, it is a less favorabie condition than that for RZ and F2, and, as stated earlier, could be improved
by introducing a fixed leading phase shift of the polarizing voltage, provided the load flow direction

is always the same.

Fig. 13d shows the input signals for the Rg relay and F6 fault, which is the condition where load flow
direction and fault current flow are opposite. Here Vpn leads IZ {and the right hand source voltage)
by 20° but is only 15° away from Vop because Vpq_ and Vyp are both shifted in the same direction

from 1Z. This is a favorable condition.

Figs. 13a, 13b, and 13c¢ illustrate another important point. As the fault location moves towards the
right-hand bus, the arc voltage shifts in the lagging direction because the amount of current fed in
from the right increases. The V 5 pc phasor shown in Fig. 13c for example, is the minus V portion
of 1Z — V. The steady-state polarizing voltage is 180° from the V poRc shown, and is therefore more
than 90° from V5p, which means that the relay with 85° maximum reach angle will not operate
steady-state for this fault. This is illustrated in Fig. 14. In this case the dynamic characteristic is

relied upon to produce an output.

©

QOther Polarizing Methods

It is possible to use the “healthy-phase’’ voltage as the polarizing voltage, either alone or as a supplement
to the faulted phase voltage, and by this means obtain a steady-state output for zero-volitage phase-to-
phase faults. The latest designs of GE phase mho relays use a combination of faulted phase and unfauited
phase voltage, and the design of these relays will be described in a subsequent paper. With this polarizing

method, the dynamic characteristic is still relied upon to produce an output for three-phase faults.



CONCLUSIONS

The use of a memc;ry circuit in mho distance relays gives those relays a dynamic characteristic with much
greater reach along the R-axis than the steady-state reach. The diameter of the initial dynamic
characteristic is equal to the sum of the source impedance and the relay reach. The diameter auto-
matically increases in size as arc resistance increases. The dynamic characteristic ““shrinks’ to the
steady-state characteristic at a rate determined by the time constant of the memory circuit. The
dynamic characteristic permits tripping on a transient basis for some marginal conditions that would

not provide a steady-state trip output.
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APPLICATION OF TIME-DISTANCE RELAYS

TO TRANSMISSION LINE PROTECTION

ABSTRACT

This paper describes a new approach to transmission line relaying
in which "fault magnitude variable tripping time" is used to achieve
relay coordination without use of communication channels.

INTRODUCTION

A conventional distance relay provides the same tripping speed
(fast) for all faults located within the relay reach setting. Application
of this type relay requires a communicétion channel between line relay
terminals to insure 100% of the line protection and still prevent tripping
for line faults which are located outside of the protected line section.

The time~distance relay provides tripping time proportional to the
distance from the relay to the fault and thus proportional to fault
magnitude. In a time-distance relay application, the relay distance is
set to overreach the protected line section by approximately 200%. This
provides 100% coverage on the protected line and back up tripping for
faults in the adjacent line section.

Communication channels are a source of problems in relaying and
re&uire considerable investment in initial and maintenance costs. In
a search for a less complex and therefore less costly and more reliable
relay scheme, it was decided to develop a scheme which does not require
communication channels. A time distance scheme in which tripping time
is proportional to fault distance appeared to fit this requirement and
provide good protection. A tentative design for a time-distance relay
was made and later it was discovered that Westinghouse was already making
a time-distance relay, the SD-2.

Use of the time-distance concept is made possible by "fault mag-
nitude variable tripping time" - the fact that as the fault is moved

farther away from the relay bus, fault current at the relay bus is



diminished and damage to apparatus, lines, and system stability is
reduced thus allowing longer tripping times. Longer tripping times for
far end faults allow the relays to be time coordinated with relays in
adjacent line sections with no communication channel being required to
prevent overreach tripping.

Comments on "Fault Magnitude Variable Tripping Time"

It is acknowledged that the factors influencing required fault
clearing time are complex. Some considerations are line damage, trans-
former damage, insulator damage, and transient stability. Review of
published computer studies on transient stability shows a wide range of
calculated critical clearing times (1 cycle to 30 cycles). It is also
apparent that critical clearing times from computer studies vary widely
depending on the system and on which calculation method is used.

Tdaho Power Company's approach is to determine required clearing
times based on fault severity, which is related to both stability and
damage. The guide used to determine maximum clearing time is based on
an (IT) product of 1500 Ampere seconds for fault currents in the 1000 to
10,000 amp range and an (IZT) product of 15 X 106 Ampere 2 seconds for

fault currents above 10,000 amps.

Amps Max. Clearing Time in Cycles
Fault Current IT = 1500 I2T = 15X10
1,000 90 -
2,000 45 ——
4,000 23 ———
6,000 15 ———
8,000 11 ———
10,000 9 9
12,000 e 6
14,000 e 4.6
16,000 —— 3.5
18,000 e 2.8

Using the above guide, the designer determines maximum clearing
times and designs to stay as far under these times as is economically
reasonable. This utility has been using this guide for the past 8 years.

-



It has given good system protection with no equipment damage and has
caused no problems with transient stability.

Application of the relays described herein as primary protection is
1imited to lines which can tolerate 12 cycles or more total clearing time
for end zone (far end) faults. 12 cycles clearing time is not usually a
limitation if an open minded approach is taken on the question: "How
fast a clearing time is actually required?”

The Time-Distance Relay

The Westinghouse type SD-2 is a time~distance relay described by
Westinghouse as suitable for phase to phase and 3 phase protection on
19 KV through 33 KV lines. The standard relay has tripping times
ranging from 0.2 to 3.0 seconds.

With suitable modification to electronic circuits the tripping
times of this relay are reduced to a range of 0.03 to 0.4 seconds.
This faster tripping speed makes the relay suitable for protection on
138 KV and 230 KV lines.

Another modification of the SD-2 relay involves reconnecting
internal current and voltage circuits so that an SD-2 can also be used
for ground relaying.

A full complement of relays for one line terminal (using the SD-2)
consists of;

1 - type SD-2 phase relay modified for fast trip

1 - type SD-2 relay modified for ground fault use and fast trip

1 - type KC-4 3 element induction cylinder Instantaneous relay

1

type 1RD-9 relay used for ground trip

Description of Individual Relay Functions

Type SD~2 Relay for Phase Fault Protection: This relay measures
line to line voltage, and positive and negative sequence current (zero
sequence current is excluded). It has been modified to give faster

-3



operating time by changing capacitor and resistor values in the elec-
tronics. Typical operating time is 0.04 seconds for a fault at 75% of
relay reach. Time is adjustable over a wide range. Relay distance
setting range is 0.8 to 25.6 ohms. The relay has a mho characteristic
with maximum sensitivity at an angle of 60° current lagging voltage.
The circle is slightly offset in the forward direction from the relay
measuring point and cannot detect zero voltage faults. This relay is
applied to give coverage between 207 and 2007 of the protected line

on phase to phase and 3 phase faults. Time setting is selected to give
far end adjacent breaker clearing time for a close-in fault plus 5
cycles coordinating time.

Type SD-2G Relay for Ground Fault Protection: This relay has been
modified to give faster tripping time in the same manner as the SD-2 for
phase protection. It is modified to operate on line current which includes
zero sequence current. Distance setting range is 1.6 to 51.2 ohms.
Range of operating time and circle characteristics are the same as the
SD-2 for phase protection. Because this relay is connected in phase
currents, it measures I1 + I2 + I0 and will respond to 3 phase and phase
to phase faults as well as phase to ground faults and thus provides back
up for the 3 phase SD-2 relay. Relay reach setting and tripping time
are selected the same as the relay for phase protection. Because of the
time distance characteristic, relay reach accuracy is not critical.
Reach must be set shorter than line load (usually not a serious limitation).

Type KC4 Relay for Phase and Ground First Zone Protection: a type
KC4 3 element cylinder type instantaneous unit is connected with one
element in each phase current and measures I1 + 12 + I,. This relay has
a trip time of 1.5 cycles and is set to cover zero to 30% of line length.
All 3 separate elements operate independently of each other providing

redundancy on 3 phase faults.



Type IRD Relay for Ground and Ground Back Up Protection: The IRD
is used in a conventional manner to measure 31, current polarized with
broken delta voltage, and or current. This relay is set to cover 50% of
the line on its instantaneous unit and provide time coordinated over-
reaching back up on the time overcurrent unit.

All internmal line faults are covered by one primary and at least one
backup function.

Fault Testing

This scheme has been tested on the Utah Power and Light ""Power
System Simulator" at Salt Lake City. Also Idaho Power Company has per-
formed staged fault tests on the scheme (2 terminals have been in serwice
for approximately one year). Advantages of the scheme are; much lower
cost, no channel reliability problems, it can be designed, set, and
tested single ended.

Summary

Often fast clearing times are requested due to lack of knowledge
about what is actually required on a specific application. Broad gen-
eralization about needing to clear all faults as fast as possible can
lead to costly, complex and less reliable relay schemes. Application
of the time~distance scheme to transmission line protection is made
possible by using realistic longer tripping times for clearing remote
terminals when fault currents are low. This allows coordination time
for end zone faults and no communication channel is required. The
advantages of increased reliability, reduced cost, reduced maintenance,

and reduced complexity are considerable.



APPENDIX 1

Cost Comparison of SDZ Scheme VS Conventional Relays

SDZ SCHEME

1 - Modified SD2 time distance relay for phase protection

1

Modified SD2 time distance relay for ground protection

1 - KC4 for first zone instantaneous protection

1 - IRD directional overcurrent ground relay for ground protection
Total cost of relays - $5,800

Conventional Scheme

1 - Impedance relay for zone 1 protection

1 -~ Impedance relay for zone 2 protection

1 - Impedance relay for zone 3 protection

1 - Directional overcurrent ground relay

1 - Directional overcurrent ground relay for ground backup

1 - Time delay relay for backup timer

1 - Carrier auxiliary relay

1 - Carrier set

1 - Test switch

1 - Milliammeter

1 - Carrier coupler

1 - Carrier wave trap

1 - Carrier line tuner

Total cost of equipment - $13,800

The reduction of equipment cost is $13,800 - $5,800 = $8,000 per
line terminal. This is a 58% reduction. Also, the SD2 scheme results in
a reduction of 50% in panel space, 407 in wiring time, and 50% in design
time. Installation testing is reduced by 607. Estimated total reduction

is $9,420 per line terminal, or 68%
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Typical Relay Responses and Operating Times

Relay Output Time in Cycles (60 HZ Base)

Fault Relay 257 of 50% of Remote 150% of
Location Bus Line Line End Line
Fault 1.5 (KC4) 1.5 (XC4) 3.5 (8D2-G) 10.5 (SD2-G) 18 (Sp2-G)
Type 1.5 (sD2-¢) 4.0 (SD2-3) 11.0 (sD2-9) 19 (8D2-9)
30 1.6 (SD2-G)

-G 2.0 (IRD-IT) 4,0 (SD2-G) 8.0 (SD2-G) 11.0 (SD2-G) 36 (SD2-G)
3.0 (KC4) 2.0 (IRD-IT) 8.1 (IRD-IT) 42.0 (IRD-T)
4.0 (SD2-G) 3.0 (KC4)
p-9 2.0 (KC4) 2.0 (Kc4) 4.5 (8D2-9) 10.5 (SD2-9) 21 (SD2-9)
4.0 (SD2-G) 3.0 (SD2-9) 5.5 (SD2-G) 11.0 (5D2-G) 22 (SD2-G)
3,0 (8SD2-G)
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BREAKER FAILURE RELAYING
INTRODUCTION

Traditional breaker failure schemes have sensed the requirement for tripping a breaker, energized a
timer, then initiated clearing of the breaker if current were not interrupted before the timer timed out.
Using this concept, we have become dependent on consistent fast dropout of the overcurrent units used
to sense this breaker current flow. This paper describes a new important concept that uses overcurrent
unit pickup as the necessary ingredient for breaker failure clearing.

Another important topic examined in this paper is a method of detecting pole disagreement for a
breaker. Breaker failure is of no less consequence if it occurs under non-fault conditions than if it oc-
curs under fault conditions. The conventional breaker failure schemes only respond if the protective
relays detect a fault.

THE NEED FOR BREAKER FAILURE PROTECTION

In backup protection techniques, it is not practical to have complete redundancy of all relay and
breaker in the protection chain. For example, for some important protection systems, separate ac
currents, ac potentials, dc supplies and redundant trip coils with separate connections for the primary
and backup systems are used. Duplication of the major parts of the breaker (trip mechanism and in-
terrupter) is impractical. Breaker backup must be provided by the tripping of other breakers. The
breaker failure relaying scheme provides this backup protection by initiating the tripping of the
minimum number of breakers necessary to clear the fault.

Since breaker backup must be provided by adjacent breakers, and the clearing of adjacent breakers
may involve the loss of a large portion of the power system, it must be avoided unless absolutely
necessary. An adequate time delay should be provided for normal interruption. This introduces a basic
timer setting problem to the breaker failure schemes. The clearing of the backup breakers should not be
faster than the protected breaker if the latter interrupts normally but should be cleared as fast as possi-
ble if the protected breaker fails.

TRADITIONAL PRACTICES

The basic approach of the traditional breaker failure scheme is shown in the flow chart and block
diagram of figure 1 and figure 2, respectively.

RESET
YES INITIATE FAULT BREAKER
PROTECTION ! BREAKER CLEARED / FAILURE
TRIP
- SCHEME
|
|
i
{
L RETRIP
o |
|
INITIATE | WAIT FOR TRIP
NORMAL
g:i‘:}KREER $—> FAULT 3 AND > BACKUP
PERATION
OPE 10 S CHEME CLEARANCE BREAKER

Figure 1. Flowchart of the Traditional Breaker Failure Scheme.



50

62
FD 86
TIMER BE
AND
62X
62
Y OR
Figure 2. Block Diagram of the Traditional Breaker Failure Scheme.
FAULT
OCCURS
NORMAL CLEARING TIME
NORMAL PROTECTIVE BREAKER 50
CLEARING REL AY <INTERRUPTING TIME _|RESET 7/}}}}}
INOPERATIVE
BREAKER
>\
62X 62 TIMER 86| LOCAL BACKUP
62Y SETTING BF | BREAKER CLEARING
BF1
50

Refer to figure 2. The timer (device 62) is energized whenever the overcurrent unit fault detector (device
50) and the breaker failure initiation (device 62X or 62Y) are operated simultaneously. If the condition
lasts for the duration of the timer setting, the lockout relay (device 86BF) is operated to clear the

-~

LOCAL BACKUP BREAKER FAILURE TOTAL CLEARING TIME

TFR REMOTE BACKUP
TRIP | BREAKER CLEARING

REMOTE BACKUP BREAKER FAILURE TOTAL CLEARING TIME

Figure 3. Time Chart of the Traditional Breaker Failure Scheme.

backup breakers.

The shaded time in figure 3, “margin” must have adequate duration to ensure security. This margin

takes into account the following variables:

(1) Excessive breaker interrupting time

At low magnitude of fault currents, breaker interrupting time may be longer than those experienc-
ed at higher magnitudes. For example, the interruption may be one cycle longer for three cycle
breakers at current below 25% of maximum rating (reference 2). Also, the interrupting time may be

longer on close-open duty.




(2) Inconsistency in 62X, 62Y times

These are minimized by static breaker failure initiation. However, the wide time range associated
with electromechanical BFI is primarily a function of variation in dc voltage. The BFI AR contact
output in the SRU relay or ARM module (Uniflex) has an operating time of 3-5 ms. The BFI
telephone relay in the SRU relay has an operating time of 8-16 milliseconds. The SG relay
62X /62Y in the KC-4/TD-5 scheme has an operating time of 33-50 milliseconds. The assumption
is made that the pickup of device 50 will be at least as fast as the protective relay plus 62X, 62Y
time. If this is not the case, the backup clearing time is longer and the margin is increased.

(3) Overtravel of the timer after device 50 reset
(4) Inconsistency in 62 timing

(5) Timer setting error
Considering human error, instrumentation error, etc.

- (6) Safety factor

Because of the widespread harmful effects of a false 86BF operation, it is recommended that a
generous safety factor be incorporated in the margin time. The degree of safety required is a direct
function of the user’s confidence level in all elements of the protective system. Two cycles safety
factor appears to be adequate with 3 cycles being a widely used total “margin”.

Refer to figure 2 the reset time of device 50 is a critical characteristic in the performance of the
breaker failure system. It will affect the margin value as well as the 62 timer setting. Device 50
resetting stops the timer; with 62X 62Y seal-in, it is the enly function that stops the timer (figure 2).
It is affected by several factors:

1. Whether or not the current level after interruption is zero, the reset times are longer when the
current after interruption is non-zero. Certain type of circuit breakers are equipped with arcing
contacts and shunting resistors. When the main breaker contacts interrupt a fault, the current
does not drop immediately to zero but to a level determined by the shunting resistor. It falls to
zero when the arcing contacts open. The reset time of device 50 on such application may be
longer.

2. The fault current level at which the unit is energized prior to interruption.

3. The setting of the unit.

To prevent the device 50 reset time variables from affecting margin, it is usually recommended
that the 62 time delay be determined for maximum device 50 reset time. Any faster 50 reset will
then merely add to the safety margin.

It should be noted that the longer the reset time of device 50 to be considered the longer the 62
timer has to be set. Consequently, it may be difficult to set the timer securely and still avoid
system instability.

NEW BREAKER FAILURE SCHEME

Many approaches have been devised for improving the traditional breaker failure scheme such as
using a shorter reset time of device 50 or using separate timers for different levels of fault current.
These approaches will still be affected by the reset time of the device 50 and still present difficulties in
determining the reset time especially when information on shunting resistor current is not available.

The new approach described in this paper is to use the pickup characteristic of the overcurrent unit in-
stead of the reset characteristic as the significant ingredient for the scheme.

Figure 4 shows the basic concept of the new approach and figure 5 is the detail logic and typical exter-
nal connections of the new static breaker failure relay type SBF-1, that uses this new approach.
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Figure 4. Block Diagram of the SBF-1 Relay.

The new approach has many advantages over the traditional ones:

(1) The device 50 will not operate before the 62BF is timed out, therefore, it will never operate when
clearing normally and device 50 reset time is not a consideration.

(2) It permits shorter margin and shorter overall clearing times, and will give a net saving of 1-2 cycles
over the traditional approach. This can be illustrated as below:

(a) Traditional scheme (figure 3)

Total clearing time = protective relay
+ (breaker interrupting time x 2)
+ max. 50 reset time
+ margin + 86BF ... .. .. (A)

(b) New scheme (figure 6)

Total clearing time = protective relay
+ (breaker interrupting time x 2)
+ margin + 86BF ... .. .. (B)

equ. (A) - (B)
(Saving in clearing time) = max. 50 reset time ....... (0]

Equ. (C) shows that the saving in total clearing time equals to the device 50 max. reset time.
The maximum reset time is one cycle for the-STY relay and is 2 cycles for the KC-4 relay.
SRFU
(3) The overall clearing time for the new scheme varies with fault current level. The higher the fault
current, the faster the breaker failure clearing time. This is consistent with the requirements of
system stability.
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The pickup time of the overcurrent units in the SBF-1 relay is 3-8 millisecond for fault current level
from 2-20 times its tap setting.

(4) The overcurrent unit will never operate when clearing normally so it can be set lower than load
current, if necessary.This avoids delayed tripping associated with low current until other breakers
clear.

THE TYPE SBF-1 RELAY
reake, Poilure
The type SBE-1 relay is a solid state relay that uses the new concept for breaker failure protection. It
contains three (or four) overcurrent sensing ynits and timers for controlling the sequence of action.
Detection of a fault by a protective relay prévides an input (by the 62X, 62Y, or BFI contacts) to the
SBF-1 relay to start the adjustable pickup timer, figure 5. Until timing is completed, the overcurrent
units are restrained from operation. If current is still flowing following completion of the timing, the
overcurrent unit operates and trips. Table 1 shows the major features of this relay.

SETTING OF THE TYPE SBF-1 RELAY

(a) Overcurrent unit

The phase units must be set below the minimum expected (ct secondary) phase fault current
through the protected breaker, and the ground unit must be set less than the minimum expected 31
fault current.

Settings should be made to assure a multiple of pickup of at least 2 under minimum fault con-
ditions. :

Where the breaker contains a resistor that is inserted on tripping, the overcurrent fault detectors
are set below the resistor current.




(b) Breaker failure timer
The breaker failure timer should be set to exceed the breaker normal clearing time by an ap-
propriate margin. A secure margin for the SBF-1 is 2 cycles.

(¢) Control timer

The control timer is for resetting the relay. It must be set at least 32 ms. (16 ms. plus the maximum
86BF time) longer than the breaker failure timer. The 16 ms. is based on the maximum pickup
times of RR 50 and AR units in figure 5.

TABLE 1
Overcurrent unit range 0.5 to 13.5 amperes
Continuous rating 250 amperes for 1 sec.
Pickup time of o/c units 3 (rpin.) to 8 (max.) ms. for current level of 2X to 20X of
setting.
Breaker failure timer 18 to 175 ms. continuously adjustable
Control timer 150 to 250 ms. continuously adjustable
Battery drain (125Vdc) standby O

timing 95 mA,
tripping 130 mA.

Output ' 4 (N.O.) AR contact outputs, with 2 ICS, one telephone
relay contact can replace an AR contact for retrip function.

Seal-in Telephone relay contact seal-in for
(1) BFI contact bounce,
(2) Close-in 3-phase fault when memory action of the dis-
tance relay is decayed.

Voltage level detector To restrain the relay from operating if dc supply voltage is
below 60% of its rated value.

SOME SPECIAL BREAKER FAILURE PROBLEMS

BREAKER POLE DISAGREEMENT

At voltages of 345 kV and above, the physical size of the operating components and the phase spacing
requirements of power circuit breakers have led to the the use of an independent operating mechanism
for each phase. Also, with the trend to larger and larger turbine-generator sizes, system stability
criteria have often dictated the use of independent pole operated breakers at voltages below 345 kV to
obviate the three-phase fault, three-pole “hung” breaker fault condition. Rarely will more than one fail
to interrupt fault current. Therefore, serious faults (those involving two or three phases) will always be
downgraded if not entirely cleared, reducing the danger of system instability.

Field experiences have shown it necessary to consider the consequences of unsymmetrical operation of
such a breaker. Electrical or mechanical failures have left one phase open when the others are closed,
and vice versa. Since the pole disagreement may occur under no-fault condition, the breaker failure in-
itiation circuit may not be energized. Therefore, the conventional breaker failure relay scheme will not
cover the pole-disagreement condition. A type SLB relay, as shown in figure 10 and figure 11, should be
used to cover this condition. Refer to reference paper 5 for the details of this problem.



UNEQUAL BREAKER CURRENTS

Double breaker terminals may experience unequal current distribution prior to the clearing of a
sound breaker. Figure 7 illustrates this condition. If breaker B fails, for a traditional breaker failure
scheme, the breaker B timer may not start until breaker A opens. This condition results in unduly long
backup clearing time unless a shorter 62 timer setting or lower overcurrent unit setting is provided.
However, the shorter timer setting or lower overcurrent unit setting may affect the security of the
traditional breaker failure scheme. This problem can be eliminated by using the new approach, type
SBF-1 relay, since the new scheme does not require the overcurrent unit operaton before the sound
breaker trips.

$ ¢
A i INITIAL=90%
SEQUENTIAL = 0 %
e ® ¥
5 T INITIAL=10%
SEQUENTIAL=100%
e | 3————»
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{
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Figure 7. Breaker-And-A-Half System with Sequential Current Change.

WEAK SOURCE

Figure 8 illustrates the isolated weak source condition. When sound breaker 1 opens, the current from
the isolated weak source, W, is not adequate to maintain the protective relay outputs, 62X and 62Y.
This application requires the use of the 62X, Y seal-in circuit as shown in figure 5.
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Figure 8. Example of Weak Feed Source Incapable of Holding up 62X or 62Y.
BREAKER CIRCUITS

Inherent in breaker failure is the possibility that the trip coil will remain energized and the mechanism
not move. To avoid possible trip coil damage caused by inability of the 52a contact to open, it is ad-
visable to use a back-contact of 86BF, the breaker failure lockout relay, to interrupt this circuit. The re-
trip option of the SBF-1 relay will, of course, not be aborted by the presence of this contact. This provi-
sion cannot be included where a bus lockout relay is used as the breaker failure lockout relay because of
the incompatible simultaneous requirements to trip and to open the trip circuit with the same relay.

Also, a contact of the 86BF relay should be used to block all closing of the breaker (automatic or
manual). This assures that the cause of the breaker failure is examined and corrected and the 86BF is
reset before closure is possible.

MULTIPLE BREAKER SCHEMES

Figure 9 shows a source of possible difficulty in breaker failure relaying in ring-bus and breaker-and-a-
half systems.

If breaker A clears satisfactorily and B doesn’t, large current, Ig through burden Zg will apply volt-
age VR across current transformer A. If VR approaches the ANSI relaying accuracy class voltage
(for example 400 volts for a C400 ct), the current in 50A can approach 10 amperes even though there
is no current in breaker A.

The burden, current transformer quality and connection, and system configuration should be con-
sidered in choosing a breaker failure overcurrent relay setting. If it were set below the value in 50A
above, false sensing of failure of breaker A would result for the case described.

BREAKER FAILURE AUXILIARY

The speed of the auxiliary BFI (breaker failure initiate) is not critical in any of the breaker failure
relaying schemes is described here. Its operating time can be deducted from the timer setting. However,
most users prefer to use a very high speed auxiliary relay and have virtually all of the time in the timer
itself. There is wisdom in this. A 2 ms AR relay can be used instead of an 83 ms MG-6 relay. A 10%
error in the expected operating time of the AR is 0.2 ms while the same 10% would be 8.3 ms in the
MG-6. The timer on the other hand, is a refined, accurate timing device and will produce a lower total
timing error using the faster relay for BFIL.
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SINGLE POLE TRIP

Where a single pole trip scheme is used, breaker failure detection is complicated by the fact that phase
to ground faults are cleared by opening one pole only. Load current continues to flow in the other two
phases. During the open phase interval, a SLB relay would respond incorrectly. It should, therefore,
not be used in this application.

CONCLUSION

This paper describes a new innovation in breaker failure relaying that should allow a reduction in trip
times while achieving a higher degree of security. Other considerations are described that are pertinent
to any breaker failure scheme but have received little amplification in the literature.
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INTRODUCTION

With the ever increasing demand of electric power,
the efficiency of all available power resources must
be maximized. Moreover, due to different locations
of power resources and consumer areas, it may be
required to transfer huge bulk of power over long
distances. BPA's 500 ¥V a.c. and + 400 kV d.c.
interties as well as the Swedish 400 kV grid are
good examples.

To cut down the losses and save land costs, the
transmission voltages have been continuously in-
creased. The AEP-ASEA, UHV project (1) is focussed
on UHV transmission schemes for system voltages 1200
kV and above.

The ultra high speed clearing of faults on all
locations is one of the most effective forms of
dynamic control, particularly on EHV intertie lines
and close to large sources of generation as the
rotational transient kinetic energy introduced into
a power system is proportional to the square of the
fault clearing time. The derived benefits are in—
creased system transient stability and better power
transfer capability of surplus power between large
regional systems (2). With,the latest developments
in fast clearing times of the circuit breakers, it
was desired to have a ultra high speed relaying
system.

Another aspect of high importance for the UHV system
voltages is that fast and correct relay operation
must be achieved even after partial or total loss of
information in the instrument transformers as the
growing fault MVA levels and large primary time
counstant drive conventional current transformers
into an early saturation with the subsequent luss of
information about the exact nature of the primary
current. Even if linearized CT's are used, the true
information is not obtained on the secondary side as
the aperiodic component can be heavily distorted and
thereby causing partial loss of information. The
transients generated by the CCVT's when subjected to
large drops in primary voltage due to a close~in
fault dimish further the possibility of the relay to
measure correctly.

The use of series capacitors to improve the power
transfer capacity and the static and dynamic stabi-
1ity of the power system often requires particular
congideration when designing protective schemes due
to influence of the negative impedance seen by
relays based on impedance measurement.

DEVELOPMENT OF THE ULTRA HIGH SPEED RELAYING SYSTEM

UHSR feasibility studies had been carried out by
ASEA during 1971-73 within the framework of a joint
American~Swedish R & D program, the AEP-ASEA UHV
Project. Based on these studies it was concluded
that a relaying system based on travelling wave
approach rather than the conventional principles
would have high speed of operation and still be
selective.

In response to BPA's solicitation for UHSR, a
proposal was submitted and a contract subsequently
awarded in July 1974 to develop a system using this
novel relaying approach.

In conventional relaying systems filtering techni-
ques are applied to suppress the transients gene-

rated by a fault in order to extract the power
frequency component for measurement. This filtering
circuits will automatically slow down the operation
of the protective system since the system has to be
delayed long enough to allow the filter circuits to
tune in to the fault condition in RMS 60 Hz quanti-
ties, before accurate information can be received by
the measuring elements. It was therefore vital to
make use of the transients under the fault condi-
tions to avoid delay and obtain an ultra high speed
of operation. Based on theoretical studies using a
digital computer simulation technique and later
verification tests indicated that fault generated
transients contain useful information which when
processed can yield a very fast and reliable
protection.

2.1 Principle of operation

The protective relays process the information re-
ceived from the instrument tranformers. Analysing
the pre-fault and post-fault quantities one can
write the following equations:

i=ipr + Al 2.1.1
u=upe + 4u 2.1.2

]

where index pf refers to pre-fault quantities. 4 1is
the change caused by the fault. i and u are
locally measured fault current and voltage
quantities.

Further, the change 4 can be subdivided into the
steady-state change (ss) and transient change (tr)
as follows:

Ai = Aigg + Aitr 2.1.3
A - Augs + Ausr 2.1.4

It can be clearly seen from equations 2.1.3 and
2.1.4 that if a measurement is based on the change
in current and voltage, pre~fault load conditions
have not to be considered. However, it will be re-
quired to eliminate the pre-fault current and
voltage and this can be done by steady-state
frequency supressors.

In a transmission line with distributed parameters,
the relationship between voltage, current, time, and
distance is fully described by the so-called 'tele-
graph equations".

Assuming a lossless line, the telegraph equations
revert to the so-called wave equations (3).

£t )-8, (v -3F)

JZ'C' [—f1 (t+Z)+1p (t-%)] 2.1.6
where u, i, t, x, v, and Z are voltage, curreunt,

time, distance, velocity of propagation, and surge

impedance respectively and £ , f are arbitrary

functions.

u 2.1.5

i

i

It can also be shown that wave velocity v, induc-
tance L and capacitance C of the line are inter—
related as follows:

1

»
v = y & =l L, and u =41 72
W:ﬂ c C c

The physical significance of equatioms 2.1.5 - 2.1.6
is that any function of the form:

£f=(% i.% Yor £ {x + vt)



represents a rigid distributiom or a travelling
wave, because for any value of a corresponding value
of % can be found such that (x + vt) has a constant
value and therefore defines a fixed point on f (x +
vt).

fol(t - % ) defines a forward wave moving in a di-
rection of positive x and

fq€t+ ) defines a backward wave.

It can thus be said that while the forward voltage
and current waves are of the same sign, the backward
waves are of opposite sign. The travelling wave
theory can therefore be usefully applied for relay-
ing purpose as shown in Fig. 1. By observing the
sign of the voltage with respect to the current
immediately after the fault inception, the direction
of motion of the travelling wave can be determined.
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2.2 Directional determination

As stated earlier, a comparision of polarity between
Ai and A u directly after the fault inception will
automatically yield the direction of motion of the
first travelling wave that reach point A. Fig. 2
below illustrates this. The application of the
fictitious source at the point F causes travelling
waves (current and voltage waves) moving from F
towards the two terminals A and B. Positive current
is defined locally as a currvent flowing from A to F
and from B to F.

Consider an internal fault, Fig. 2 a. If the
pre—fault voltage ¢ is positive, the fictitious
source causes negative voltage waves towards A and
B. But the current waves are positive since the
fictitious source causes currents to flow from A to
F and from B to F. Thus at point A, 4 i is positive
and A u is negative during the first moments after
fault inception. Likewise at point B, Ai is
positive and 4 u is negative.
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Fig. 2. Directional determination. Changes incur-
rent Ai and voltage Au for different
faults: Ai and Au have opposite signs for
internal faults and same signs at one end
for external faults. The dotted lines show
the current flow during the other half cycle.

2.3 Computer simulation studies

As shown in Fig. 3 below, the relay response was
verified by computer simulations. The computer
print—out shows a single-phase fault initiated at
t=0 at 110 km (68 miles) distance from the measu-
ring point.

The plot shows clearly the propagation time of the
travelling wave (arriving at t = 0.37 ms) and that
Ai and Au are opposite in sign immediately after
fault inception. The relay response is extremely
fast exceeding a trip detection level within
approximately 0.5 ms from the arrival of the first
travelling waves. Further the relay response in the
unfaulted phases indicates a single-phase tripping
capability.

The computer studies also confirmed the possibility
of obtaining a directional discrimination with limi-
ted rveach along the transmission line, a feature of
great value for fast fault clearance of close-in
faults.
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The results shown above were also verified in May
1973 during field tests carried out on AEP 765 kV
power system where a number of switching operations
were performed on the Dumont~Marysville line as part
of the AEP-ASEA, UHV project. The signals generated
within the relay were recorded and compared with
corresponding results from computer studies and were
found to be in agreement.

3 UHSR SYSTEM DESIGN

3.1 Design consideration

a)

Reliability of the protective system in the substa-
tion environment is essential. The possibility of
interference being coupled to the relay inputs must
be considered.

Selecting A i and Au as measuring quantities, it is
possible for the relay to operate on information
contained in both steady-state and transient
changes. The bandwidth of the relay can be delibe-
rately limited to a few kHz without impairing the
basic relayoperation. This also makes the relay
compatible with the performance of conventional and
also non-conventional instrument transformers. In
other words, the relay does not have any special re-
quirements on the transient response of instrument
transformers.

b)
Travelling waves can be generated by faults but also
by switching operations, lightning surges, etc. It

is therefore necessary that the relay can discrimi-
nate between changes due to faults and changes due
to other reasons.

Lightning strokes that do not lead to a fault, in-
volve a transport of energy along the line in the
form of coupled current and voltage waves exhibiting
a high frequency character. The relay design is such
that it damps heavily the amplitude of high frequen=-
¢y components, and requires also that a measuring
signal if any, should last for a time longer than
the relay minimum decision time. This time criterion
coupled to the fact that the relay operates only if
both Ai and u have magnitudes larger than set
values (amplitude criteria), make it possible to
distinguish a lightning stroke that does not lead to
a fault from one that does lead to a fault as well
as from a fault due to any other cause. In the lat-
ter cases the transients will also contain power
frequency and low frequency components, that are not
so heavily damped by the relay circuits during the
first moments after fault inception, and that last
for an appreciable time, much longer than the relay
decision time.
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Fig.4. Lightning stroke.

c)

For discrimination against switching surges it is
important to note that travelling waves originate
from the point where the change in the electrical
state of the power system was initiated. Thus simply
by excluding the circuit breakers from the protected
zone switching operations will always be interpreted
as external events. This is obtained automatically
in most EHV systems since voltage normally is mea-
sured on the line side of the breaker. The fact that
most EHV breakers have pre~insertion resistors that
damp the amplitude of the switching surge give the
relay better discrimination capability.
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3.2 Operation

The UHSR system is designed on a segregated phase
basis. Each phase has two simulataneous modes of
operation. The first operates as a directional com—
parision blocking scheme, i.e. it requires the use
of a communication channel between relay terminals.
Dependability and speed of operation have been
further enhanced by the provision of a second
independent mode of operation. This independent mode
has an underreaching setting similar to a zone one
type of relaying enabling local circuit breaker
tripping without the need of a communication
channel., It is also intrinsically selective and
since it does not require time coordination it is
particularly valuable for ultra high speed clearing
of close~in faults. Typical operating times of 2-3
ms are possible in this mode. The directional wave

comparison mode has essentially the same response
time, but the communication channel introduces an
additional delay. The delay is a function of the
audio tone equipment and the characteristics of the
microwave or power line carrier system. A block
diagram of the relay system is shown in Figure 6.

The analog interface provides the reguired galvanic
isolation and surge immunity and a transformation of
the input signal to a level suitable for static cir-
cuits. The steady-state frequency suppressors elimi-
nate the pre-fault quantities. The transfer function
of the circuits is such that the initial changes ge-—
nerated by a fault are transmitted with insignifi-
cant delays.

An amplifier stage supplies the suitable amplitude
criterion required to achieve a minimum or maximum
reach along the line depending on whether an over-
reaching or underreaching operation is desired.

The signals are then fed to so—called directional
detectors where the direction to the fault is deter-
mined by comparing the signs of Ai and Au. The
forward looking detectors give a "tripping direc-
tion" signal (T) if the current and voltage changes
are opposite in sign, while the reverse looking de-
tectors give a "blocking direction" signal (B) if
the changes are of equal sign. The normalized sig-
nals S (V/kA) and Sy (V/kV) derived from Ai and
Au respectively are combined to yield T and B
according to the following relations:

T = max [min (S;, S‘: ), min (S—i’ S; )] 3.2.1

B 3.2.2

[

. + ot . - o
max [mln (Si, Sy ), min (Si’ S, ):]
where upper index +/- refer to the signal polarity.

This particular arrangement enhances security since
both Ai and Au must have a certain magnitude
before the detectors give an output signal. For
example, sudden loss of a.c. voltage input alone
will therefore not lead to any output from the
directional detectors.

The output signals from the directional elements of
each phase must exceed certain levels before they
are procesed in a logic circuit to determine the
sequence between T and B and to directly, upon fault
inception, establish whether T was sensed before B
or vice versa. The sequence is remembered in order
to avoid the confusion that could be cause by mul-
tiple reflexions of the incident waves. This memory
effect lasts until the relay resets.

Further the logic circuit will determine if the
fault is a single or multi-phase fault and perform
the appropriate phase selection as required in
single—phase tripping schemes. Normally the relay is
connected so that three-phase tripping is always
obtained for multi-phase faults and also 1f the
voltage to neutral of one phase is low at the same
time as another phase is faulted.
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Fig. 6. Block diagram of UHSR system

Another function of the logic circuit is to coordi-
nate the local relay decision with the remote end
relay via a communication channel. Since each relay
terminal inherently has the phase selection informa-
tion the communication channel needs only to trans-
mit a single permissive trip or block signal.

To cope with the possibility of the circuit breaker
being closed against a permanent line fault, parti-
cularly under the very adverse condition when the
voltage is zero both before and after the circuit
breaker operation, the relay system includes a
special switch-into—fault detector. Based on current
and voltage measurements this unit recognizes
switch—into~fault condition and enables direct local
tripping. To meet BPA requirements the relay was
supplemented with a fast resetting (less than 10 ms)
breaker failure initiationm unit and a static
autoreclosure initiation unit. Also included were
miniature circuit breakers to protect the a.c.,
d.c.., and tripping voltage circuits.

The output interface includes solid state tripping
relays and electro-mechanical signal relays with
corresponding flag indicators. Tripping, blocking,



phase selection, and mode of operation information
is displayed and signalled as well as alarm func-
tions.

The auxiliary power is supplied through a de/dc
convertor providing full galvanic isolation between
the relay circuitry and the auxiliary power source
as well as effective suppression of surges that
might be impressed on the dc¢ input.

Static circuits perform processing of all signals
and the use of modern semi-conductor technology and
integrated circuits contributes to a high reliabi-
lity. High threshold logic is used to enhance noise
immunity. The main technical data of the relaying
system are given in Table I.

TABLE 1

Technical data of the UHSR system intalled by BPA

120/ V3

Rated voltage to neutral U,

Nominal rated current in- 1 V corresponding to
put In 5 A

Auxiliary voltage 90-145 V dc

Ambient temperature ~ 20°C to + 55°C

2 kV, 50/60 Hz during
1 min.

Insulation test voltage
(per IEC Publ. 255-4)

5 kv, 1.2/50 ps, 0.5
joule

Impulse test
(per IEC Publ. 255~4)

1-1.5 MHz, 2.5-3 kV
crest wave decaying to
1/2 value in 26 ps

Surge withstand capability
(SWC) test (per IEC Publ.
255-4 and ANSI C37.90a)
Showering arc test 2-4 kV self oscillatory
(per Swedish National
Standard 361503) ductance into a distri-
buted capacitance of
200 pF, coupling capa-
citor 100 pF

Operating times
Direct local trip
Directional comparison
trip

2-3 ms

4~6 ms (incl. 2 ms
channel)

Rated power consumption
Current input
Voltage imput

0.005 VA/phase
0.3 VA/phase

DC—circuits 27 W

Setting possibilities
Current change 0.2-5.1 Ip
Voltage change 0.05-1.05 Uy
Tripping time delay 0-20 ms

(~ channel time)

discharge from 300 H in-

The bagsic relay design consists of plug—in units,
many of which are interchangeable offering a high
degree of flexibility and reducing the spare part
count. Secondary injection tests can be performed
whenever required through the standard test switch
provided in the relay. For ease of maintenance a
built-in test unit is available. Internal, external,
single or multi-phase faults can be simulated on
both the positive and negative half cycles to check
the relay performance.

3.3 Laboratory tests

The later stage of the prototype testing necessi-
tated a series of laboratory tests, Part of BPA's
500 &V system was simulated on an analog Transient
System Simulator (TSS) with a network configuration
according to Fig. 7 featuring a 143 km long double
circuit with 75 percent series compensation and an
adjacent uncompensated 30 km long line. The lines
were stimulated with the proper frequency dependency
taking into account the shunt capacitance and mutual
coupling effects as well as shunt reactor and series
capacitor compensation. For the purpose of investi-
gation a fictitious large shunt capacitor bank was
also included. A large number of tests were recorded
using a l4-channel analog tape recorder. The recor-
ding were then fed back into the relays through a
suitable set of amplifiers. This technique was
adopted in order to avoid blocking the TSS facility
unnecessarily during the evaluation procedure after
each test. Another advantage is the "off-line'
testing capability even outside the laboratory.

The test cases included internal and external faults
as well as various switching operations (shunt reac-
tor switching, series capacitor by—-pass, transformer
and line energization, sequential tripping of brea-
kers, switching into faults, auto-reclosing, etc).
All cases were repeated with different fault inci-
dence angles in order to obtain maximum information
regarding the relay response. During the test two
relay terminals with associated tone equipment were
linked back-to-back, the channel delay being ap-
proximately 2 ms.

Correct relay operation was obtained for all tests
both on the compensated and on the uncompensated
lines. The overall operating time of the relay in
the directional comparison blocking mode was mea-—
sured to range from 4-6 ms., including a 2 ms.
channel time. The operating time of the under-
reaching mode was 2-3 ms. The relay was also suc-
cessfully subjected to different types of insulation
and surge tests (see Table 1).
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Fig. 7. Network configuration of analog simulations




Fig. 8 shows the relay response for a close—-in
fault. The independent mode direct local trip was
given in 2 ms while the dependent mode directional
comparision was obtained in 4 ms including the
channel time. Fig. 9 shows the relay response for a
switching operation on an existent remote end perma-
nent fault 143 km (89 miles) away. The simulated
breakers had pre—insertion resistors which were
shorted after 7-8 ms. The relay tripped in 1 ms
after the resistors were short circuited.
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Ve
e
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Line end \/\N
A T A
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Direct Local Trip Zms

Received blocking

Ve /\/\/\/
Line end
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I
'r

Directional Comparison Trip 4ms

Received blocking

Fig. 8. Relay resonse for a three-phase fault close
in to line end A.
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VR /\/’\ 4c " J—
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Trip 1ms
Received blocking

Fig. 9. Relay response when switching into a remote
end persistent fault.

3.4 Setting Principles

Since the operating principle of the UHSR system is
based on the change in current and voltage rather
than the total fault quantities, the relay setting
can be calculated without taking the pre-fault load
into consideration. This ensures a high sensitivity
even at high through load levels and/or high fault
resistance.

The setting calculations do not require advanced
mathematics but simple and conventionmal short cir-
cuit calculation familiar to the relay engineers.

The setting calculations are performed on funda-
mental frequency, as the relay senses both the
steady~state and transient change (eq. 2.1.3 and
2.1.4), If the settings are based on the steady-
state change, the transient component contributes to
an improved sensitivity.

The independent mode to cover the direct local trip
is therefore based on an underreaching scheme to
take into consideration the tramsient component and
thus avoiding transient overreach. It has been veri-
fied through tests and simulations that the upper
limit of the instantaneous value of the current
change is about twice the steady-state amplitude
when all losses are neglected. However, it will be
lower for transmission lines. The settings are
therefore based on maximum values of Aiss andAuSS
for faults at the remote end and reducing it by a
transient reduction factor.

The dependent mode to cover the whole line length
and cooperating with communication channel on direc—
tional comparision blocking principle is simply set
on minimum changes in igg and Augg for faults at
the remote end. It is most often possible to include
a large amount of fault resistance coverage in the
settings unless the fault currents are very low,
which is rather unlikely in UHV systems. The overall
coverage of fault resistance is much better than the
conventional relays.

4 UHSR SYSTEM APPLICATION FEATURES

The scope of the UHSR project was focused on the
development of ultra high speed relaying. Since the
relay is based on the travelling wave principle its
ultra high operation is inherent. As with many new
concepts it soon became apparent that the relay
possesses other inherent properties which were of of
the scope of this development program but turned out
to be more significant in future relay applications
as follows:

a)

Basically the relaying system can be used with any
type of communication channel although, to maintain
the ultra high speed of operation even for remote-
end faults, a fast channel is preferred. It is
possible however to achieve a compromise between
channel speed, channel reliability and cost without
affecting the design of the overall system. In terms
of end-to—end communication only one signal is
required to be transmitted from one line to the
other even when single-pole auto-reclosure is prac-—
ticed. The transmitted signal has no bearing on
starting on phase selection since’ this is accomp-
lished locally. The interpretation of the received
signal depends on whether the system operates in a
tripping or a blocking scheme.

Note that selective and extremely fast operation is
obtained for close-in faults independent of the
communication channel by the addition of directional
detectors set in an underreaching mode.

b)

The relaying system can use both conventional and
non—conventional instrument transformers and is not
affected by saturation of transformer cores and/or
relaxation transients generated by capacitive coup-
ling voltage transformers. These exceptional quali~
ties are accounted to be partly due to the operating



principle and partly due to the specific choice of
measurands; the changes rather than the remaining
values.

Tests and practical experience have demonstrated
that (T-saturation does not occur instantaneously.
Even in the most adverse cases one can expect a
closed core CT to give a correct secondary output
during the first 2-3 ms after fault inception. Since
the relay decision time is in this range, a correct
decision can be made and remembered before the CT
saturates. This is a valuable feature because it
means that the relay will trip dependably for
internal faults and maintain full stability for
external faults, even after saturation.

c)

The use of the change in voltage offers the advan-
tage of a simple solution to the problems normally
caused by capacitor coupling voltage transformer
transient response. For a close-in fault the noise
generated by the CCVT could be many times larger
than the actual remaining voltage, which represents
a very difficult condition for conventional relays.
The change in voltage, however, is quite large for a
close~in fault and since the relay uses this change
for measurements, the signal to noise ratio will be
satisfactory and will emsure a correct operation of
the relay.

d)

It is common to install series capacitors in order
to compensate the line losses and increase power
transfer capability. However, this in turn imposes
problems for protective schemes working on conven-~
tional priuciples. The impedance measuring relay
will on such lines see negative impedance if tue
capacitor banks are located near to the line ends.
The distance relay will operate incorrectly where
the impedance or voltage drop between the fault and
the relay is capacitive. Generally spark gaps are
installed across the capacitor unit to short out the
capacitor when the current exceeds a given magni~
tude. However, in such cases the operating time of
the relays will be prolonged. The phase comparision
relay is also prune to maloperation if the net impe-
dance to one of the source becomes capacitive
causing 180° current reversal with respect to the
generated voltage. If the gaps do not flash over, an
internal fault may appear to be external. Early
saturation of CT's may also impose prcblems for this
type of scheme.

The UHSR system is, however, devoid of these prob~
lems. The series capacitors do not impose any
problem as the protection scheme is not based on
impedance measurement. Any fault behind the relay,
even if the series capacitor are installed in the
station are seen as external faults. The problem
associated with delayed gap flash over in series
capacitors is eliminated. ’

e)

Single-phase operation is inherent as the signals
are processed on phase segregated basis. Multi-phase
faults automatically lead to three-phase tripping,
only one carrier signal is needed from the remote
end for either single~phase or three—phase trip
operation.

£)
The relay is not affected by power swings since the
time and amplitude criteria in the suppresser and

detector units have been chosen sc that such gradual
changes will not be picked up.

g)

The UHSR system is stable for fuse failure on the ac
supply as the inherent operating principle implies
that simultaneous change in current and voltage must
take place to cause operation.

h)

A very interesting feature of the UHSR is the possi-
bility to distinguish between a loaded phase conduc~
tor rupture and normal deenergization of a loaded
line. In the former case, a travelling wave is
generated and the relay may give operation before
the conductor touches ground or the rupture develops
into a flash over. Safety hazards to human beings in
heavily populated areas are therefore reduced.

i)

The UHSR can give operation even at zero fault in-
ception angles. As shown in Fig. 10 the voltage
change is of substantial magnitude and steady-state
nature for a solid ground fault.

Fault inception at
zero degrees {sclid fault)

|

v
Fault-point voltage

v/

Pre-fault volfage

e

Av
Voltage change

y=v'+ dv

Fig. 10. Voltage change during a fault initiated at
zero degrees.

)

The relay is well suited for the protection of three
terminal lines. A contract was recently awarded by
BPA to ASEA, to investigate such applications.

k)

The transmission line length is no limiting factor
as the two relays measure locally and no time co-
ordination between the measuring quantities between
the two ends is necessary.

1)

Because of the low burden, the relay can easily be
applied in all installations. The small ac circuit
burden will also enable a direct application of the
relay to non-conventionmal analog current and/or
voltage transducers. The current input can be fed
with a voltage proportional to current or directly
with current.




5 UHSR OPERATIONAL EXPERIENCE

5.1 Installation and commissioning

The UHSR system was installed on April 2, 1976 on
BPA's 500 kV PNW-PSW intertie on the John Day -
Grizzly No. 1 line in a series compensated double

circuit configuration 143 km long.

Installation went according to olans and no prob-
lems were encountered except in ascertaining the
polarity of an external auxiliary CT set which was
taken for granted due to instrumentation and ser~
vice conditions but later turned out to be errone-
ous {see further Table I, second comment). The se-
condary of the auxiliary CT's was terminatewd in a
0.2 ohms wire wound resistor making 5 A propor-
tional to 1 V. This voltage signal was then fed to
the relay.

The relay hardware and settings were checked with
conventional test equipment arranged to provide
simultaneous changes in secondary voltage and cur-
rent levels through the standard test switch pro-
vided in the relay, as well as with the built-in
test unit mentioned in Section 3.2.

The blocking output of the relay was connected to a
specially developed microwave tone equipment, pro-—
vided for by BPA, featuring a single tone trans-—
mitter-receiver operating at a carrier frequency
of 72 kHz + 1 kHz and occupying four 4 kHz channel
spaces. The channel delay of a one-way signal from
Grizzly to John Day was measured to be 2.1 ms.

Trip and alarm outputs were connected to a time
coded substation data system {(SUDS) sequence of
events recorder with 1 ms resolution. In addition
the trip output was monitored on the sub-station
oscillograph at both end terminals.

5.2 Staged fault tests

One problem with any new relaying concept after
development is the extraordinary time it takes to
accumulate actual field performance data due to the
limited number of faults. The opportunity to
collect additional data on UHSR performance was
presented when a staged fault test was conducted in
October 1976 on the John Day - Grizzly No. 1 linme
at the Bakeoven series capacitor switching stationm.

The network configuration is shown in Figure 11.
Four single-phase internal faults were initiated on
No. 1 line at Bakeoven using a crossbow technique,
giving random fault incidence angles. The pre—-fault
power flow was 2200 MW to the North on No. Z
Grizzle — John Day line, while No. 1 line was open
at Grizzly.

Three close~in external single~phase faults were
applied directly on the Grizzly bus by closing a
circuit-~breaker at random against a metallic earth
connection. The pre-fault power flow was the same
as mentioned above with a subsequent reversal when
the faults were applied. Both parallel lines were
in operation in this case.
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Fig. 11.The John Day — Grizzly 500 kV network con-
figuration during the staged fault tests of
internal faults on Oct. 5-6 1976. All four
faults were single—phase. Tripping times
obtained: 5.5 - 6.1 ms.
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fault on Oct. 7 1976 initiated by closing
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High-speed tape recorders were installed at both
end terminals to provide accurate measurements of
the voltage and current magnitudes and the UHSR
tripping and blocking time.

The results of the staged fault test show that the
relay tripped for all intermal faults in 5.5-6.1 ms
and blocked locally for all external faults in
0.5-1.5 ms yielding blocking at the remote terminal
in 2.7-3.5 ms. Figure 12 shows an A- phase external
fault. Approximately 15 correct blocking operations
were recorded due to switching operations in
conjunction with the test. However, one misope-
ration during line switching south of Grizzly
occurred where the John Day terminal tripped
indicating a B~phase fault.

This case was investigated in detail and a plau-
sible explanation was found. The fact that the sub-
station fault locator indicated an intermal fault
close to Bakeoeven and that an internal fault deve-
loped at Bakeoven the following day with the B-
phase disconnection switch burning off, suggests
that the switch was not properly secured after the
field test on B-phase. Thus an internal fault of
transient nature ("spitting") may have occurred.
This is substantiated by the station oscillograph
record. The "spitting" may have been caused by
overvoltage created during the switching operation.
The Grizzly end terminal could have been delayed in
operation by the combined effect of the switching
operation (external event) and the "spittimng" (in-
ternal event).
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Figure 13. John Day substation oscillogram of a
spontaneous ihternal A-phase fault 29 km
(18 miles) from John Day on Jan. 30,
1977. Direct local trip (independent of
channel) at John Day.
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5.3 Field Experience

During over two years of service from April, 1976
to July, 1978, numerous operations have been re-
corded. They are summarized in Table II, which also
includes the staged fault test. A station pre-fault
recorder oscillogram of a spontaneous A-phase and
B-phase to ground fault is shown in figures 13 and
14 respectively. For these faults the UHSR system
tripped in 4 and 3 ms.

Out of 45 operations listed, we have identified one
false trip due to improper CT connection {(June 8,
1976). One false trip due to the thermal leakage of
the A phase trip output module (September 8, 1976).
Two false trips (August 19, 1976, and October 6,
1976) are suspected due to flashovers of transient
nature during routine switching operations. (Ref.
5.2.) One false trip occured under similar
circumstances (January 8, 1978), and could possibly
be due to a restriking breaker at Grizzly.

One false trip occured with the line open ended at
Grizzly and a lightning arrester arcing at Round
Mountain (May 4, 1978). Note in this instance the
arcing lasted for 10 cycles before the UHSR tripped
at the John Day terminal. Possibly mutually coupled
transient or spitting across series capacitor spark
gap operated the John Day relay during the elevated
voltage condition at Grizzly when the Grizzly end
was open and its relay out of service.
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Figure 14. John Day substation oscillogram of a
spontaneous internal B-phase fault
122 km (76 miles) from John Day on April
3, 1977. Direct local trip at Grizzly.




One false trip occured during fault on the John Day
- Grizzly No. 2 line. The line was faulted between
Bakeoven series capacitor station and Grizzly (Fig.
11). The UHSR at the Grizzly terminal blocked
(correct operation) the microwave system squelched
during the fault, therefore, no remote block signal
was sent to John Day. The John Day UHSR reverse
block module did not operate consequently the relay
was tripped via dependent mode {(correct but unde-

sirable operation). A permissive communication
scheme would be more secure and would not have been
operational during microwave breakdown. Blocking
techniques however has this weakness.

In addition, we have over 400 system blocking
operations on record due to microwave squelch, and
routine switching that were not listed on Table II,
due to lack of space.

TABLE II UHSR SYSTEM LIST OF OPERATIONS

SEQUENCE OF EVENTS PRINTOUT

DATE

1976 OPERATOR'S LOG. JOHN DAY SUBSTATION

June 8 Fault at Malin on UHSR TRIPPED
the 500 kV PNW-SW  TRIP *)
Intertie. Dependent mode

July 4 500 kV PNW-SW UHSR BLOCKED (REMOTE)
Intertie Separation
at Malin on out of
step

July 18 500 kV John Day- UHSR TRIPPED. A-phase
Grizzly No.l. A~ TRIP 4.7 msec.
phase-Ground Fault Dependent mode

July 27 500 kV Grizzly-Rnd UHSR BLOCKED (REMOTE)
Butte Pilot Trip

Aug. 14 500 Kv J.Day-Han- UHSR BLOCKED (LOCAL)
ford.A-ph.-GND fault

Aug. 15 500 kV J.Day-Grizz— UHSR BLOCKED (REMOTE)
ly No.l. A-ph.Shunt
Reactor tripped on
sudden pressure.

Aug. 19 500 KV PNW-SW In- UHSR TRIPPED
tertie Los Banos-  TRIP *)
Midway Single-L~G Dependent mode
fault.

Aug. 22 500 kV Grizzly~ UHSR BLOCKED (REMOTE)
Rnd. Butte line
relayved on pilot.

Aug. 24 500 kV John Day- UHSR BLOCKED (LOCAL)
Hanford. A-phase-
Gnd Fault.
500 kV John Day~ UHSR BLOCKED (LOCAL)
Lower Monumental
B-phase-Ground fault

Aug. 25 500 kV John Day- UHSE BLOCKED (LOCAL)
Lower Monumental
C-phase Ground
Fault

Aug. 26 500 kV PNW-SW UHSR BLOCKED (REMOTE)

Intertie Malin-
Round Mtn. No.2
line relayed.

*) TRIP time not recorded.

GRIZZLY SUBSTATION

UHSR TRIPPED
TRIP *)
Dependent mode

UHSR BLOCKED (LOCAL)

UHSR TRIPPED. A-phase
TRIP 4.8 msec.
Dependent mode

UHSR BLOCKED (LOCAL)

UHSR BLOCKED (REMOTE)

UHSR BLOCKED (LOCAL)

Fault locator
operated

UHSR BLOCKED (LOCAL)

UHSR BLOCKED (REMOTE)

UHSR BLOCKED (REMOTE)

UHSR BLOCKED (REMOTE)

UHSR BLOCKED (LOCAL)

11

COMMENTS

Fault external. Incorrect operation.
After detailed investigation it was
discovered that the auxiliary CT's
which were purchased from a foreign
firm did not have US Standards of
polarity markings and were incor-
rectly connected. The connections
were reversed at Grizzly Substation.

Fault External Correct operation.

Fault Internal. Correct operation.

Fault External. Correct operation.

Fault External. Correct operation.

Fault Internal. Correct operation.
Note:The RALDA relay is designed to
block on low magnitude tramsients
created by switching surges as well
as low magnitude fault internal to
a shunt reactor.

Fault external.Incorrect operation.
Note:Investigation of this operation
suspected an internal flashover of
transient nature at Bakeoven capaci-
tor station due to overvoltage, in-—
dicating that the John Day terminal
is set too sensitive but no change
in setting was made.

Fault External. Correct operation.
Fault External. Correct operation.
Correct operation.

Fault External.

Fault External. Correct operation.

Fault External. Correct operation.




DATE

1976
Sept. 8
Oct. 5
Oct. 6
Oct. 7
Oct. 22
Oct. 25
1977
Jan. 30
Feb. 28

OPERATOR'S LOG. JOHN DAY SUBSTATION
Air Conditioner
down at John Day
ambient temperature
up between 80-90°F.
(27-32°C)

UHSR A-phase TRIP
continuous trip

Staged Fault Test UHSR TRIPPED.A-phase
500 kV J.Day~Grizz~— TRIP. Dependent
1y No.l. A-ph.~Gnd Mode 5.9 msec.

500 kV J.Day—Grizz- UHSR TRIPPED.A-phase
iy No.l. A-ph.-Gnd TRIP. Dependent
Mode. 6.1 ms.

500 kV J.Day-CGrizz—~ UHSR TRIPPED.B-phase
1y No.l. B-ph.-Gnd TRIP. Dependent
Mode. 6.1 ms.

Staged Fault Test. UHSR TRIPPED.C-phase
500 kV J.Day-Grizz— TRIP. Dependent
1y No.l. C-ph.~Gnd Mode. 5.9 ms.

500 kV Malin—-Grizz- UHSR TRIPPED
1y No.2. Line OPEN
on routine switching

Staged Fault Test  UHSR BLOCKED (REMOTE)
500 kV Malin-Grizz-
ly No.2. Line A-ph.-

Gnd Fault.

500 kV Malin-Grizz— UHSR BLOCKED (REMOTE)
1y No.2. Line C-ph.-
Gnd Fault.

500 kV Malin-Grizz—- UHSR BLOCKED (REMOTE)
1y No.2. Line A-ph.-

Gnd End of staged

fault test.

500 kV J.Day-Grizz~ UHSR TRIPPED. B-phase
1y No.l. Line B- TRIP. Dependent Mode.
phase-Gnd 4.0 ms.

500 kV J.Day-Grizz— UHSR BLOCKED (LOCAL)
ly No.2. Line re-
layed

500 kV J.Day-Grizz—~ UHSR BLOCKED (LOCAL)
ly No.2. Line re-
layed

500 kV J.Day-Grizz~- UHSR TRIPPED. A-phase
1y No.l. Line re—~  TRIP. Dependent Mode
layed A-phase-Gnd 4.0 ms.

500 kV Tesla—Med- UHSR BLOCKED (REMOTE)
calf.Lline relayed

*) TRIP time not recorded.

GRIZZLY SUBSTATION

LINE PCB OPEN

LINE PCB OPEN

LINE PCB OPEN

LINE PCB OPEN

LINE PCB CLOSED

UHSR BLOCKED (LOCAL)

UHSR BLOCKED (LOCAL)

UHSR BLOCKED (LOCAL)

UHSR TRIPPED. B-phase
TRIP *)
Dependent Mode

UHSR BLOCKED (LOCAL)

UHSR BLOCKED (LOCAL)

UHSR TRIPPED. A-~phase
TRIP. Dependent Mode
4.0 ms.

UHSR BLOCKED (LOCAL)
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COMMENTS

The UHSR A~phase SCR trip output mo-
dule is keyed continuously. After
detailed investigation by the manu-
facturer it was found that &t 44°C
the increased leakage current
through the transistors gated the
SCR trip output. The trip modules
were redesigned and test was perfor-
med for temperatures between ~25°C
tu 80°C. The trip modules remained
stable. All trip modules at John Day
were redesigned to include an addi-
rional zener diode.

Fault Internal. Correct operation.
Gnd Perm. 16 ms.
Clearing time 69.5 ms.

Fault Internal. Correct operation.
Gnd. Perm. 16 ms.
Clearing time 73.2 ms.

Fault Internal. Correct operation.
Gnd Perm. l4 ms.
Clearing time 73.3 ms.

Fault Internal. Correct operation.
Gnd. Perm. 10 ms.
Clearing time 60.8 ms.

No Fault. Incorrect operation.
Note:Recalculated system data the
dependent wode at John Day was re-
set to a shorter reach on December
2, 1976.

Fault External. Correct operation.

Fault External. Correct operation.

Fault External. Correct operation.

Fault Internal. Correct operation.
B-phase Disconnect blade burned off
at Bakeoven Series Capacitor Switch-
ing Station.

Fault External. Correct operation.
Note:Both terminals block locally
for faults on parallel line vielding
increased security during channel
failure.

Fault External. Correct operation.

Fault Internal. Correct operation.

Fault External. Correct operation.




DATE OPERATOR'S LOG. JOHN DAY SUBSTATION GRIZZLY SUBSTATION COMMENTS

Apr 3 500 kV J.Day-Grizz~ UHSR TRIPPED. B-phase UHSR TRIPPED. B-phase Fault Internal. Correct operatiomn.
ly No.l. Line B- TRIP. Dependent Mode TRIP. Dependent mode
phase~Gnd 3.0 ms. 4.8 ms.

May27 500 kV Grizzly-Ma- UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault Extermal. Correct operation.
1in No.2. Line re-
layed

July 25 John Day-Marion NO UHSR OPERATION NO UHSR OPERATION Fault external. Correct operation.
line relayed Note:No UHSR Block at John Day.
B-phase-Gnd. 60004

Aug. 5 PNW~SW Intertie UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault external. Correct operation.
south of Malin
opened due to
forest fire.

Aug. 6 John Day-Hanford UHSR BLOCKED (LOCAL) UHSR BLOCKED (REMOTE) Fault external. Correct operation.
line B-phase—Gnd
and BRKR fail on
PCB 4194.

Aug. 9 PNW-SW Intertie UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault extermal. Correct operation.
open at Malin on
out of step.

Aug. 21 John Day-Ostrander NO UHSR OPERATION NO UHSR OPERATION Fault external. Correct operation.
line relayed Note:No UHSR block at John Day.

Oct. 6 John Day-Big Eddy  UHSR BLOCKED (LOCAL) UHSR BLOCKED (REMOTE) Fault External. Correct operation.
line relavyed.

Oct. 21 Round Mtn.-Table No Record. UHSR BLOCKED (LOCAL) Fault External. Correct operation
Mtn. line relayed

Nov. 27  Grizzly-Malin No.2 UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault External. Correct operation.
line B-ph.-Gnd.

Dec. 20  John Day-Grizzly UHSR TRIPPED (LOCAL) UHSR TRIPPED (LOCAL) Fault Internal. Correct overation.
No.l line relaved A-ph. TRIP. Dependent AO TRIP. Dependent
Fault 16.4 mi from Mode. 5.3 ms. Mode 5.6 msec.
John Day.

Dec. 21  Tesla line relayed UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault External. Correct operation.

Dec. 28  John Day-Grizzly UHSR TRIPPED (LOCAL) UHSR TRIPPED (LOCAL) Fault Internal. Correct operation.
No.l line relayed A-ph. TRIP. Dependent A-ph. TRIP. Dependent

Mode 5.3 ms. Mode *)

1978

Jan. 8 John Day-Grizzly No Record. UHSR TRIPPED (LOCAL) No fault indication. Incorrect ope-
No.l line opened Fault recorder ration. Wote: the line is opened at
manual trip operation,one count. John Day first then at Grizzly.

See comments section 5.3.

Jan. 13 John Day-Grizzly UHSR TRIPPED (LOCAL) UHSR TRIPPED (LOCAL) Fault Internal. Correct operatiom.

No.l line relayed B-ph. TRIP. Dependent BO TRIP. Dependent
Mode 4 ms. Mode *)

Jan. 16  John Day-Grizzly UHSR TRIPPED (LOCAL) UHSR TRIPPED (LOCAL) Fault Internal. Correct operation.
No.l line relayed. B-ph. TRIP. Dependent BO TRIP. Dependent
Fault 16.4 mi from Mode 5.3 ms. Mode *)
John Day.

May 3 Table Mountain- UHSR BLOCKED (REMOTE) UHSR BLOCKED (LOCAL) Fault External. Correct operation.
Tesla line relayed

May &4 PNW-SW Intertie UHSR TRIPPED (LOCAL) Line PCBs open, line Fault External. Incorrect operation.

open. Lightning

reactor saturation.

Note:Round Mountain lightning ar-

rester arcing for ten cycles before
the UHSR trips at John Day. See com~
ments section 5.3.

arrester arcing
at Round Mtn.

*) TRIP time not recorded.

i3



July 1 John Day-Grizzly UHSR TRIPPED (LOCAL)

No.2 line relayed

6 CONCLUSION

The paper presented the application of the travel-
ling wave concept in protective relaying. The UHSR
system demonstrates that information contained in
power system primary transients can be processed
for obtaining dependable ultra high speed relaying.
In addition, the operating principle offer inherent
quantities which makes the UHSR relay applicable
for single pole relaying. Application of the
principle for three terminal line protectionis also
being investigated.

The new relaying concept and hardware implementa-
tionas described in this paper, together with the
staged fault test studies and over two years of
practical experience show that the power system
primary transients can be successfully used to
obtain a secure and dependable Ultra High Speed
Relaying system. The ultra high speed of operation
can be successfully utilized in reducing total
fault clearance times without the replacement of
existing switch gear with the obvious cost econo-
mics. The relay has the flexibility of usage with
conventional CT and CCVIT's. It has also other
application capabilities which make the relay
suitable for systems where duplicate protection is
desired using different operating principles.

UHSR BLOCKED (LOCAL)

14

Fault External. Incorrect ogperation.
Note:Microwave system squelched
during the fault the Grizzly end
could not send remote block. No lo-
cal block at John Day. See comments
section 5.3.

REFERENCES
(n
Scherer Jr HN, Thoren B - The AEP-ASEA UHV project-
Progress up to 1975 (CIGRE paper 31-02, Paris August
1976).

(2)
R.B. Eastvedt — The need for ultra-fast clearing -
Third Annual Western Protective Relay Conference,

Spokane, Wa October 19-21, 1976.
(3)
Bewley L.V. - Travelling waves on Transmission

systems (J. Wiley & Sons, New York, Chapman & Hall
Ltd, London, 1951 second ed. pp 7-19).

(4)

M. Chamia, S. Liberman - Ultra High Speed Relay for
EHV/UHV Transmission Lines - Development, Design and
Application. IEEE Winter Power Meeting New York NY
Jan. 29 - Febr. 3, 1978 paper F 78 215-6.

(5)

M.T. Yee and J. Esztergalyos — Ultra High Speed Re-
lay for EHV/UHV Transmission Lines - Installation -
Staged Fault Tests and Operational Experience. IEEE,
Winter Power Meeting New York NY, Jan. 29 - Febr. 3,
1978.

(6)

J. Esztergalyos, M.T. Yee, M. Chamia, S. Liberman -
The Development and operation of an Ultra High Speed
Relaying System for EHV Transmission lines. CIGRE
paper 34-04 August 30 - Sept. 7, 1978.



MICROPROCESSOR ALGORITHM FOR
REVENUE METERING OFFERS HIGH ACCURACY
AND MINIMAL COMPUTATIONAL BURDEN

Edmund 0. Schweitzer, III

Assistant Professor

Department of Electrical Engineering
Ohio University

Athens, Ohio 45701

presented at

The Fifth Annual Western Protective Relay Conference
October, 1978

Sacramento, California



1. INTRODUCTION

The ever-decreasing cost of hardware suitable for digital signal
processing of analog data provides an impetus to study applications
of such hardware to power system metering and relaying. Although the
relaying area receives much attention in this respect, there is no
published research on simple digital signal processing techniques which

are suitable for revenue metering.

This paper presents a computationally efficient and extremely accur-
ate algorithm for the computation of real and reactive power (P, Q) from
voltage and current. A theoretical development, and analyses of the
effects of noise, harmonics and averaging are presented. Simulation
results are also presented and discussed. The algorithm is quite simple;
straightforward implementation of it in a low-cost microprocessor is
feasible. Accuracies better than 0.1% are attainable.

Although the algorithm was originally developed with substation meter-
ing in mind, other applicaticns could include residential metering,

laboratory measurements, and protective relaying.



2. ALGORITHM DEVELOPMENT

The purpose of this algorithm is to provide a computationally con-
venient yet accurate means to determine real power, P, and reactive power,
G, given a sinusoidal voltage across and current through a load repre-
sented by a linear impedance. Since the algorithm is to be implemented
in a digital processor, the algorithm must accept sampled data derived
from the voltage and current waveforms. In the development which fol-
Tows, a time-continuous algorithm is presented first. Then, it is adapted
to provide time-discrete processing of input data derived from the time-
continuous voltage and current waveforms by two different sampling methods.
The sampling methods are: impulse sampling of Tow-pass-filtered inputs,
and integrate-and-dump sampling of the inputs.

2.1 Time-Continuous Algorithm Development

Let v(t) =V sin (wt + ¢) and i(t) = I sin (wt + ¢ -6) be the (1) (2)
voltage and current waveforms from which P and Q are to be determined.
Consider two Walsh functions, SAL(t) and CAL(t) defined by:

SAL({t) = 1 0<t<1/2 (3)
= -1 1/2 <t <1
CAL(t) = 1 0 <t<1/4; 3/4 <t <] (4)
= -] 1/4 <t < 3/4 .
Correlate v{t) with SAL(%%) and with CAL(%%) over one cycle to
provide correlation coefficients SV and CV :
27/6)
_ wty oy o 4V
SV = & v(t)SAL(zﬂ)dt o Cos ¢ (5)
[o]
21 /W
_ whygp - A o
CV = gv(t)CAL(2ﬁ)dt 5 sin o (6)

O

Similar correlations of i(t) with the Walsh functions yield:

S, = - cos (o-0) (7)

C. = 2= sin (¢-0) . (8)



The correlation coefficients can be used to find P and Q. First,
note that with v(t) and i{t) as described earlier,

p = X}- cos 0

Q 5 sin 0 .

Define A = SVSI and B = CVCI .

Then,
A = (%)2 vi cos ¢ cos (¢-0) .
= (%)2 vi (cos? ¢ cos 8 + cos ¢ sin ¢ sin )
and
B = ()2 vr (sin? ¢ cos 8 - cos ¢ sin ¢ sin 6) .

W
The sum (A+B) provides an expression proportional to the power P :

A+B = (%}2 vi (sin? ¢ cos 6 + cos® ¢ cos 0)
= (4)? vi cos 0 .

But, -
p %;' c0s 6, SO:

{i

P =172 (AB)()? = 1/2 (P? (S,5+ C.C) . (9)

Similar steps yield:
- Wy2 -
Q=172 ()7 (€S, -5.C) . (10)

2.2 Time-Discrete Algorithm Development

If the correlation coefficients SV, Cv’ SI, and CI can be found
from the input data, then (9) and (10) provide simple means to obtain
P and Q. Consider how to determine these correlation coefficients.

The correlation SAL(%%) with v(t) is:

2T/W /W 2n/w

SV = E.v(t)SAL(%%)dt = g v(t)dt - S v(it)dt an
[e) o) /W

and the correlation of CAL(%%J with v(t) is:
/20 3/ 20 20 /W

C, = Sv(t)dt - Sv(t)dt + Sv(t)dt . (12)
o /20 31/ 20



- (k) / 2w
Let Xy 7 3 vit)dt (13)
kar/ 2w

Each Xy represents the integral of the input voltage v(t) over a
one-fourth cycle period of time.
Substitution of (13) inte (11) and (12) yields:

%z
I

(%, + %) = (x, +x5) (14)

0 2

Lt Xz) + X, (15)

C =x_- {x

Thus, the correlation coefficients are easily obtained from time-
discrete data X - The Xy values are samples derived from v(t) by
integrating v(t) over successive one-quarter cycle time periods. A
circuit which performs this sampling function (an integrate-and-dump
sampler) is easily constructed, and is generally simpler than an adequate

low-pass anti-aliasing filter followed by an impulse sampler.

The same sampling procedure must be applied to the current wave-

form to obtain integrate-and-dump current samples.

That is, let

(k+1)n/2w
Yy = & i(t)dt (16)
ka
200
then
5.7 (yg tyy) - (v, +yy) (17)
Comyy - vy Ty,) +yg (18)

Suppose it is desired to apply the algorithm to samples of v(t)
and i(t) obtained by low-pass filtering and impulse sampling the inputs.
Assume the inputs are given by (1) and (2), and that the low-pass
filters introduce a phase shift ¢ and a gain G at the input frequency w.
Then, the values of samples taken at a sampling rate of N samples per
cycle are:

v, = GV sin(g§5-+ b - V) (19)



ik = GI sin

If a time discrete correlation of the Vi samples is performed

(

2wk

Kt -0 -w)

with samples of the SAL function, then, witho =¢ - ¢ ,

S 1
\Y

i

sin

o

Correlation with samples of the CAL function yields:

C

2GY

= Ao gin( o+ o
T ( N

s

0
N

The corresponding current

The primes denote the correlation coefficients are obtained from

impulse-sampled data.

If (21-24) are used to compute P and Q, using the same approach

n

)

correlation results are:

il
N

- @)

T 0)

that lead to (9) and (10), then:

(SV SI * CQ CI)

P

I

1

1/2(

1/2(

sin
2

(
G

w/N) )2

n
2

G

sin(m/N) )2

(S

Sy

¢

)



If a sampling rate of four samples per cycle (N = 4) is used,

then:
I - f ot s ' ' /
P=1cw {Sv 5; F Cy Cz) (27)
Q = —2=r (C! SL - S CY) (28)
16 G2 v 71 v 1 ’

and the correlation coefficients are found from the samples using

(14, 15, 17, 18) by replacing the integrate-and-dump samples with
the impulse samples.

2.3 Algorithm Summary
1) Sample v(t), i(t) using either integrate-and-dump sampling or
impulse sampling at a rate of four samples per cycle.

2) Compute the correlation coefficients Sv’ Cv’ S
(14, 15, 17, 18).

I CI using

3) From the correlation coefficients, compute P and Q using either
(9, 10) or (25, 26).

The algorithm is computationally efficient. To find P and Q once
per cycle, the computer must perform fourteen signed additions and four
%)

4
which may be included by analog scaling of the input quantities or by

signed multiplications. This neglects the scaling terms (e.g. %(

digital scaling of the outputs.

If P and Q are required less frequently, say, once per second,
averaging can be applied to either the P and ( outputs or to the corre-
lation coefficients. In the latter case, the number of multiplications
per unit time is reduced by the number of cycles averaged. Averaging
techniques are analyzed in the next section.



3. ALGORITHM ANALYSIS

The effects of noise, averaging, and harmonics on the performance

of the algorithm are treated in the next sections.

3.1 Noise Analysis

If the inputs defined by (1,2) are corrupted by additive white
noise, then

<
o
o+
e
it

Vsin(wt + ¢) +n (t)

—ts
-
-+
—
il

I sin{wt + ¢) + nI(t)

Assume the noise terms are stationary , zero mean and independent
random processes. Then the expected values of v(t), i(t) are

E[v(t)]

i

V sin(wt + ¢)

E[i(t)]

Since the correlations defined by (5, 6) are linear and time-

it

I sin{wt + ¢ - 9)

invariant,

-4V
E[SV] =~ COS ¢

_ 4V

E[CV] = z:—sin ¢

The autocorrelation function for nv(t) is given by

(t),

where §(t) is the Dirac delta function, and N, is the power

Rv(t) = NVS

spectral density of the noise on the voltage signal. The effective
value of the noise is, therefore

N 2
o, = N, §(0).

The variance of the correlation coefficient SV, denoted og is

v
2 - F _ 27
osv = F {(sV E(SV)) }
/0 27T /W
= E {(j' n, (Hdt - j' n (tydt)?}
A
0 m/W



w/w S w 2H/w 2H/©

=F { n {o)n {(u)dodu + n {o)n_(u)dodu
jﬁ '5'0 ! ! jw/m j‘ﬁ/w ! '

T/w 20/
-2 5 n,(o)do g n,(u)du }
o /W
T/ /W 2n/w 2n/w
= {j j’ R, (0-u)dodu + g }' R, (0-u)dodu } (37)
o) Ie} /W /W
Using (35),
2 N 20
OSV -—NVw ; (38)
Similar analyses yield the results:
2 YL
OCV = NS (39)
2 2
Osz —NI(JJ (40)
2 2m
OcI S (41)

These variances may be used, along with (9, 10) to determine the
variances of P and Q:

a; = E {(P-EMP)*} (42)

= 1A ELL(S,S, + €0 - (5,5, + CC)I7 )

v I vV I
- Wyn 204Iyv2 . 2¢4Vy2 4 o 2 2
a@)t [o2(8)2 + o2 (29)7 + 202 02]
where o2 = g2 =¢g2 ; o2 =0% =02
v Sy CV I sI CI

Using the substitutions (38-41),

v 1

N N_w?
|

G2 = N Ia + N Vo +
32 |V T



A signal-to-noise ratio can be defined by:

2
SNR_ = 4

p 2
°p

P)

8V?1? cos?6

2 2 Tw ,
ﬂw[(NVI + NV ) + 2 (NVNI)] . (44)
As an example, let V=1=1,0 =0, w =377 and N = 1074
watts/radian/second. Then,
SNRp = 33.28 . (45)

It is informative to compare the signal-to-noise ratio (44)
obtained using the algorithm with the signal-to-noise ratio obtained
by direct computation of P. That is, let the true power averaged over
one cycle be

w 27 /W '
Po= ﬁf v(t)i(t)dt . (46)
O

Then, the signal-to-noise ratio obtained using (46) and inputs (29,30)
can be determined. Note E(Pa) = 172 VI cos 6, as before. The variance
of Pa is now determined:

2

g
a

il

E([P, - E(P)T? ] (47)

fl

W (32 2 RORY)
41 (1 Nv v NI) * (2w) NVNI :

The signal-to-noise ratio is:

2p
sie_ = Ela)
a 2
0]
a
~ V212 cos? (48)
WON T2 + NVZ + 2NN ]
TV i T OVT
The signal-to-noise ratios of (44) and (48) can be compared by
forming the ratio:
2 2 W
SNRp i} 8[NVI + NIV + T NVNI] (49)
SRy WIN I ANV NN T
v I 4 v

-9.



If we assume N = N_ =N, and if V = I = X, then

v T
SN%P = (By2xy+l (50
SNR_ ~ ‘w2l > ’ )
_ a 2y +1no/4
where
_ B X
Y = SMNRygpur T
— N
27

For y = 10, the ratio (50) is about 0.76. In the Timit as y
approaches infinity, the ratio is about 0.81. Thus, the algorithm
performance in the presence of uncorrelated, white gaussian noise
is nearly the same as the average power definition performance (46).

In practical applications, the values of P and Q are probably not
required once every cycle. Instead, average values every ten or 60
cycles might be more useful. Consider now two ways of obtaining
average values over k cycles.

Method 1: Define an average power over k cycles by:

~ K
P = "k‘ EJP_i B (5])
i=1

ot

Method 2: Find k-cycle averages of the correlation coefficients:

S, T ¥ :gd Svi , etc. (52)
i=1

Then, using these averages, compute power using (9,10).
The noise performance of these two methods is now compared.

Method 1. Simple averaging effectively reduces the variance of P
by a factor equal to the number of cycles of averaging. Thus, the
signal-to~noise ratio for a k-cycle average is:

2
SNR_(K) = k SNR_ = KEZ(P
p p g2

P

(53)

Method 2. The averaging process reduces the variances o2 , o? , o2 , o2

v v SI CI

by 1/k. Therefore, the variance of P, computed using averaged values of the
correlation coefficients 1is:

-10-



m™N N_w

2y = W 2 2 v I
017 (k) = DN TE NV e T (54)

The signal-to-noise ratio is now:

2
SiR' (k) = EAP) (55)
P 5
p
The signal-to-noise ratios for the two methods may be compared
by forming the ratioy .
SR, (k) oéz
P = T =
SNRp(k) kgg
N N_w
2 2 vV I
_ Ny NV (56)
, , WNVNIw
NVI + NIV 3
XZ
As before, let N =N_=N, V=1=Xand y = Then,
v I W
b Bk
Y+§_ (57)
For v = 10 and k = 10, (57) yields ¢ = 0.90. Thus, Method 1
averaging does not offer as much improvement as Method 2. For
v =10 and a one-second period average, k = 60 and y = 0.89.
If the example following (44), which yielded SNRp = 33.28 is
modified by applying Method 2 averaging with k = 60, then
SNR& (60) = 1968. (58)

Had Method 1 been used, the SNR would have been about two percent

Tower.

Note for large y (i.e., large input signal-to-noise ratios)
the choice of method of averaging has 1little effect on the output
SNR. However, the computational burden of Method 2 is much less
than Method 1. It is fortunate Method 2 also offers better per-

formancel

-11-



3.2 Harmonic Analysis

The SAL and CAL Correlation processes are linear, so the

. S CI), due

values of the correlation coefficients (Sv’ CV

-
to an input which is the sum of harmonic terms and the funda-
mental, can be determined by superposition. However, P and @
are not linear functions of the correlation coefficients, so
superposition cannot be applied to determine P and Q.

In the following analysis, the correlation coefficients are
determined for sinusoidal inputs which are harmonically related
to the fundamental, but at arbitrary phase and amplitude. Then,
under particular conditions, the effect of harmonics is illus-
trated.

Let vk(t)

Vk sin (kot + ¢k)

ék(t) = Ik sin (kwt + O - ek)

represent sinusoidal voltages and currents at the k™ harmonic
of the fundamental. Using the same procedure as before the
correlation coefficients are:

_ 4Vk
Suk = R €05 9y
k-1
Vk LA
Cvk = 4kw (-1) 2 sin P
k odd
41k
Stk = ke €08 (0 = 8y)
k-1
2 ALk oy o
CIk = (-1) sin ¢k

For k even, SVk = Cvk = SIk = CIk = (0,

Consider the P and Q values due to sinusoidal voltage and

current at harmonic k oniy; that is, all other harmonics are zero.

Then,
1
P, = — V. I, co0s 6
and
Qk = ~l-Vka sin Gk , for all odd k.

2k?

For k even, P, = G, = 0.
I ¢ k
-12-



Observe that for k = 1, the correct values for P and Q are obtained.
For k = 0, the P and Q values are zero. This can be interpreted to
mean the algorithm cannot detect any DC power component which might
exist. Furthermore, for other even values of k, the P and Q values
are also zero. Thus, the algorithm is insensitive to power flow at
even harmonics of system frequency.

For k odd, the P and Q values are attenuated by a factor (1/7k)?
from their true values.

Consider now the superposition of two sinusoidal inputs. Let

it

v(t) = v (t) + v (t) =V sin (wt +¢) + Vg sin (3wt + 6)

1
i(t) = i (t) + i,(t)
;s C

1

I. sin (wt + ¢,- 61) + 13 sin (3wt + ¢, - 89,

1 3 1

3 S ; C the correlation coefficients

d
and denote by S vi,2 3 511,73 1,3

vi,3
resulting from these inputs. These inputs represent a fundamental
frequency component and a third harmonic component.

By superposition of correlation coefficients Sv1,3 = SVl + SV3 , etc.
Thus,

_ w
Pl 3-l/2 (ﬁ) [SVl,B SIl,3 * CVl,3 CIl,3] (67)

4

=P+ P,y + 1/6[V31l cos (¢l Ty - 61) + V1, cos (¢l t by - 93)].

(This result verifies the previous statement that the principle of

superposition cnnnot be applied to find P1 3 from Pl and P3 )

As an example, consider the power dissipated in a one-ohm resistor

from two voltage sources in series. Assume v, = 1, vy = 0.1, ¢, = ¢y -
Then Il =1, 13 = 0.1 and 6, = 6y - 0. Using these data,
U SR S
P1,3 S+ e50 t 6 (0.1 +0.7)

it

0.5339 watts.
The true value is:

I D S
PTRUE =5 * 35 0.55 watts.

Thus, an error of 3% is incurred.

-13-



If the one-chm resistor is replaced with an impedance Z = Rtjul

and if we let g = @gggz at the fundamental frequency, and if
R
o= v3/vl , then the ratio of the power P1,3 to the true power PTRUE
given by:
P1,3 _ {o+3)" +8 (a+ 3){a+ 27)

P rroE 9[{a + 1) + B (o + 9)]

Using this expression, it can be shown that ten percent third harmonic
produces about two-to-three percent error for 0 < 8 < 100. For

twenty percent third harmonic, with 0 < g < 100, the error is about
five percent.

~-14-



4. Simulation
A computer program was developed to test the revenue metering
algorithm by simulation. The simulation verifies the theory of the
algorithm is sound, and provides a convenient means of determining

the effects of quantization caused by an analog-to-digital converter.

Pure sinusoidal voltage and current inputs are sampled four times
per cycle using the integrate-and-dump sampling technique. These samples
are quantized by a quantizer having selectable resolution. Then, the
algorithm is applied to the quantized sampled data.

To accomodate transient data and overrange conditions, the Timits
of the voltage quantizer were set to 1.5 times the peak value of a one
per-unit input. The current limits were set to three times the peak
value of a one per-unit input. These scaling conditions do not take
full advantage of the quantizer range. Therefore, one per-unit voltage
and current inputs do not correspond to a "full scale" condition, and
therefore, do not provide maximum accuracy conditions. However, these
conditions seem realistic from an applications standpoint.

Tables 1, 2 and 3 present the percent error between the true power
and the computed power as a function of the resolution of the quantizer
and the power factor. The resolution of the quantizer, N, is the number
of bits in the binary representation. For example, N = 8 means the data
are quantized into one of 2% = 256 levels between the quantizer lower and

upper limits.

Table 1 data reveal that at normal full Toad input levels even an
eight-bit ADC could provide reasonable accuracy. However, for a current
input of T = 0.7 p.u., the eight-and-ten bit resolution tests show serious
accuracy degradation, as can be seen in Table 2.

The Table 3 data were obtained with I =0.01 p.u. Note this corresponds
to one percent of full load, or about one-fourth percent of "full scale."
Yet the twelve-and-fourteen bit resolution tests demonstrate what is
thought to be more than adequate accuracy at such a Tow input Tevel.
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9 pf N=8 IN=10 {N=12 |N=14
0 1 -1.12 0.11 0.01 0.01
30 0.866 ~1.04 -0.15 -0.05 0.03
60 0.5 -1.12 .12 -0.19 -0.03

Table 1. Percent Error in Power for Various Quantizer Resolutions (N)
and Power Factors. V =1, 1
0 pf N=8 IN=10 {N=12 [N=14
0 1 -1.12 -0.71 0.61 -0.05
30 0.866 -4.86 -4.46 0.42 0.17
60 0.50 ~-1.12 -0.71 0.67 ~0.02
Table 2. Percent Error in Power for Various Quantizer Resolutions (N)
and Power Factors. V =1, 1 = 0.1
$ pf N = N=10 [N=12 |[N=14
0 1 R -17.25 3.53 -1.59
30 0.866 e - 4.45 7.59 -1.32
60 0.50 . 65.48 3.53 -1.32
Table 3. Percent Error in Power for Various Quantizer Resolutions (N)

and Power Factors. V =1, 1 = (.01
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Base case tests with no quantization were performed to establish
the fundamental accuracy of the simulation. These tests revealed that
the fundamental accuracy is within 0.01%, and the base case error is
due to the numerical integration techniques used to simulate the

integrate-and-dump sampler.
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5. HARDWARE CONSIDERATIONS

5.1 Sampling Schemes

An integrate-and-dump sampler is preferred over the conventional Tow-
pass filter/impulse sampler since it is less complicated. However, as
shown in the development of the algorithm, either approach is acceptable.

Note that it is necessary to sample the current and voltage inputs
simultaneously. The effect of staggered sampling is to introduce an
artificial phase shift between the input quantities. This effect could
be used to advantage to cancel any known phase shift between the current
and voltage caused by the sensors.

5.2 Analog-to-Digital Conversion

The simulation results reveal that a twelve-bit analog-to-digital
converter (ADC) is sufficient to provide better system performance than
is offered by conventional metering techniques.

5.3 Digital Processor

A Tow-cost eight-bit microprocessor, such as the Motorola 6800 or
Intel 8080, should provide sufficient throughput capabilities to compute
P and Q on three phases, with averaging periods from one cycle to in
excess of one second. The memory requirements appear modest: Tess than
100 bytes of random-access-memory (RAM), and Tess than one kilobyte
of read-only memory (ROM). It may be feasible to use a processor chip
which contains integral RAM and ROM. Such an implementation appears
especially economically attractive.

5.4 Data Display and Qutput

Local data display of P and Q is feasible using Tow-cost LED or LCD
devices. Since other computer systems are now widely deployed in sub-
stations for control and monitoring, it is feasible to display the meter
output quantities on the CRT or printer of the substation computer. This,
of course, requires a simple digital interface between the metering pro-

cessor and the substation computer.
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If watt-hour or VAR-hour data are required, the substation computer
provides a convenient tool for performing the numerical integration of
P and Q. However, the low computational burden of the algorithm should
leave sufficient processor capability to perform these computations within

the revenue meter itseif.

5.5 Current and Voltage Sensors

The accuracy attainable using the metering algorithm and well-designed
sampling, conversion and processing hardware ultimately depends on the
quality of the current and voltage sensors. Fortunately, the metering
hardware can be designed to present an extremely low burden to the sensors.
The Tower Timit of burden is determined by noise considerations in the
electronics; however burdens below one volt-ampere are certainly achievable.
Furthermore, the meter input impedances can be assumed to be linear,
known, and purely resistive over the frequency range of interest. As men-
tioned earlier, any known, constant relative phase shift introduced between
the true voltage and current by the sensors is easily compensated for by
employing staggered sampling of the inputs. Constant ratio errors can be
compensated for by adjusting the gains of the input channels.

Sensor ervors which are more troublesome are ones which depend on the
value of the measured quantity. For example, the excitation current in
a magnetic CT is a nearly constant percentage of the measured current for
currents above, say, ten percent rated current, and below saturation. But,
for smaller currents, nonlinearities about the origin of the hysteresis
curve tend to cause an increase in the percentage of magnetization current.
A practically-unattractive but technically-feasible cure would be to use
two CT's: one for high accuracy at rated current; another for high accur-
acy at a small fraction of rated current. The microprocessor could be

programmed to accept the appropriate input.

-19-



6. SUMMARY AND CONLUSIONS

The digital algorithm theoretically provides a high-accuracy means
to determine P and O from voltage and current inputs. From a practical
standpoint, overall system accuracy is limited by sensor capabilities.
However, implementations are feasible which compensate for ratio errors
and known phase errors. Many sensor problems should be obviated by the
Tow-burden requirements of a practical implementation.

Noise and harmonic analyses demonstrate the capabilities and limi-
tations of the algorithm, as well as the predictability of its performance
as a function of noise and harmonic content. When the harmonic analysis
was performed, the power computed using the algorithm was compared to
the true power, i.e., the power at system frequency and at harmonics of
system frequency. Small errors resulted from reasonable assumptions on
harmonic content. It is perhaps an open question whether a revenue meter
should measure true power or power at system frequency only. If the
latter is desired, simple Tow-pass filters at the input could be used to
eliminate harmonies. 1In such a case, the traditional low-pass filter/
impulse sampler is preferred over the integrate-and-dump sampler.

Applications of the algorithm could include the following:

1) Revenue Metering
a) Substation and central station
b) Industrial customers
¢) Local and remote-reading watt-hour metering for
residential applications
2} Laboratory Metering
a) Low burden

b) Accuracy in excess of 0.1% is straightforward

3) Relaying

a) Extremely sensitive reverse-power relay for urban
subtransmission and distribution

b} Motor and generator protection.
¢) Power differential schemes

20~



BIBLIOGRAPHY

1. Wilbur B. Davenport, Jr., WiTlliam L. Root, An Introduction to the
Theory of Random Signals and Noise, McGraw-Hill Book Co., Inc.,
New York, 1958.

2. Athanasios Papoulis, Probability, Random Variables and Stochastic
Processes, Mc-Graw-Hi1l Book Co., Inc., New York, 1965.

3. N. Ahmed, K.R. Rao, Orthagonal Transforms for Digital Signal

Processing, Springer-Verlag, New York, 1975.

4. Avrcher E. Knowlton, Electric Power Metering, McGraw-Hill Book Co., Inc.,
New York, 1934,

-271~



EPRI R&D in Protective Relay Systems

for Power System Applications

by

Stig L. Nilsson
Project Manager
Electrical Systems Division
Electric Power Research Institute
Palo Alto, California

Presented at the
Western Protective Relay Conference
Sacramento, California
October 16-18, 1978



Abstract

In its short existence, EPRT has initiated many research and development
projects of importance to the power system protective relay engineer. The
R&D activities are intended to serve both near- and long-term needs of the
utilities.

An important part of the R&D program is the development of new electrical
sensing elements. An ac current transducer has been developed that is now
being field-tested in a Bonneville Power Administration substation. A similar
dec CT will soon be field~-tested by the Los Bngeles Department of Water and
Power. Both of these units incorporate low loss optical waveguides for signal
transmissions., This is an important new technology expected to have many
benefits to the substation designers in the future.

A major project for development of a new substation control and protectidn
system has nofdbeen started. This project will end in a demonstration system
to be installed in an existing transmission substation in 1981, The new system
will make extensive use of the microprocessor and fiber-optics technologies,
This is expected to result in significant cost and performance improvements to
the utilities. It should provide the flexibility and processing power needed
for control and protection of the power transmission systems of the 1980s and
beyond.

A special data acquisition system for monitoring EPRI's Prototype HVDC Link in
New York City has recently been delivered. The system incorporates several
features that may be of future value to power system operators. The primary
function is to make fault analyses easy by providing detailed and accurate
fault records within minutes after the fault.

Other ongoing projects will produce improved monitoring gauges for transformers  and
a special protective relay for high impedance faults, Emphasis is also placed on
study projects that will provide utility engineers and equipment designers with
needed data for development of new products and properly maintain existing equip-
ment.



1.

Introduction

In its short existence, EPRI has initiated many research and development
projects that will produce results of importance to power system protec-
tive relay engineers. The Electrical Systems Division of EPRI is funding
projects for development of new measuring devices and new control and
protective systems for transmission and distribution substations, as well
as projects that will generate the fundamental knowledge needed by
control and protective systems designers. The majority of the hardware
development funds is used for system development projects where the pro-
tective relaying functions are a special and critical part of the system.

R&D related to instrumentation, control and protection systems within
EPRI's Electrical Systems Division is applicable to all six of its tech-
nical programs, but to date, funding has come primarily from the AC/DC
Substations and the Distribution programs.

Goals and Objectives

Our R&D activities are intended to serve both near-term and long-term
needs of the utilities. The near-term problems are the ones that are

more readily defined. Usually a particular relaying problem, such as the
high impedance fault detection problem, is easily identified.

Long~term problems are more difficult to identify. We all know that one
key to reliable power system operation is the effective use of instru-
ments and protective relaying systems by experienced operators. This is
generally the case now, but we believe there is ample reason to question
whether we fully understand what it will take to protect the concentrated
high=capacity systems of the future. Consider, for instance, the
following generally accepted assumptions:

o] A conservative estimate of growth in electric power use shows that
the power production target for the year 2000 should be at least
7500 billion kWh, almost four times the present level,

o) Advanced UHV overhead transmission lines of the future can be expec—
ted to carry three to six times the power per mile of their lower-
voltage predecessors.

o] Newly installed underground transmission lines promise a doubling of
underground power transfer capacity by 1985,

o) DC transmission systems will augment many ac systems, and compact,
gas—insulated substations will further concentrate future power
transfers.

o] Fault current limiters and similar devices will be introduced that

will require a re-evaluation of our control and relay systems.



Although existing protective equipment is serving the utilities well, we
believe that becuase of anticipated growth of tomorrow's power systems,
utilities will require greater sophistication of their control systems.
As a minimum, we should expect improved accuracy, better reliability, and
the usual economy. To accomplish this, better mesuring andd sensing
techniques will have to be developed, the signal transmission systems
improved, and new processing techniques exploited. However, these new
protective relays and control systems of the future will have to be inte-
grated with the existing systems, since utilities obviously are not going
to replace all of their existing equipment with new eguipment at one
time.

A major motivation for EPRI's R&D activities 1is to help utilities take
advantage of new technologies. This is both a short-term and a long~term
objective. There are two emerging technologies that no doubt will have a
significant impact on how we design future control and protective systems
for substations. These are the microprocessor and fiber-optical signal
transmission technologies.

We have seen the computer become an accepted component of power system
dispatching systems. If the cost of computer systems continues downward,
they will become the cornerstone for substation control and protection
too. The computer, specifically the microprocessor, coupled with
inexpensive optical communication links and multiplexers, now appears to
be a natural component of new substation integrated control systems.
This is the basic premise for EPRI's recently initiated substation con-
trol and protective development projecte.

Electrical Sensing Elements

Our ability to measure voltage and current is fundamental to the control
and protection of power systems., From these, other guantities such as
real and reactive power, total energy, line impedances, and so on are
derived. The measuring elements must support data acquisition systems,
which require information with a frequency ranging from once an hour to
once every 100 microseconds or less. The data must be accurate to within
a fraction of one percent for revenue-metering purposes; it must also be
reliable for support of protective relaying functions.

Modern current transformers (CTs) and potential transformers (PTs) are
remarkably good devices, meeting the requirements listed above very well.
However, for high voltage applications, their cost is very high. The
fidelity of the output signals from today's CTs and PTs is also in doubt
in the high~frequency region, which is of interest for high-speed
relaying. Further, the cables leading from the transformers to the con=-
trol houses now pick up high-freguency noise, interfering with operation
of relay and control and equipment. Saturation of transformer cores also
poses problems for the user.

Another concern is the hazard to people and equipment from CT failures.
Catastrophic CT failures (explosions) are rare occurrences, but even
infrequent failures are of concern, since porcelain fragments could
injure people, as well as damage insulators and bushings of nearby
equipment. The fire hazard and the outage that can result from CT



failures are additional reascons to continue the gearch for safer current
measuring equipment.

The demand for very high accuracy transducers has also been raised. The
need for this is gquite obvious when one considers that only one ampere
through a 500~kV line represents almost 1 MW. Hence, a small CT or PT
error could mean a lot of lost revenue to a utility. Presently used
current transformers are unable to satisfy this need.

Many attempts have been made to build electronic current transducers
(ECTs) for high-voltage transmission lines. The idea is simple and
attractive. Although previous attempts to build ECTs have been com-
mercial failures, the interest in ECTs is still high. For air-insulated
UHV substations or lines, it is probably the only viable type of trans-
ducer. And since presently available golid-state relays can be readily
made to accept the output of ECTs, their market potential is probably
better today than ever before.

3.1 Digital Current Transducer for AC Applications

A digital electronic current transducer for EHV applications is
being developed by Westinghouse, Pittsburgh (RP560). The target
specification for the transducer was to meet metering, relaying, and
fault recording reguirements with one unit. The frequency response,
specified at 10 kHz minimum, should also be adequate for future
current limiters and ultrahigh-speed relays.

A digital ECT that meets the above specifications has been designed,
built, and factory tested. The ECT shown in Figures 1 and 2 makes
use of a 12-bit analog-to~digital converter, combined with a ranging
amplifier that gives an effective dynamic range egqual to 16 bits,
but with 12-bit resolution. The sampling rate is one sample every
22 Us (i.e., one sample for every half electrical degree on a 60-Hz
basis, providing a bandwidth of 10-15 kHz). The estimated mean time
between failures for the electronics equipment of the high-voltage
unit is approximately 50,000 hours, which means that the mean time
to failure for two parallel redundant units is about once every 500
vears, if one assumes about one~week's mean time for repair. This
does not include the ground electronic units, which are much simpler
to repair because they do not reguire access to the high-voltage
circuits.

A major development effort of the project was the design of the
power supply unit feeding the electronic equipment at high
potential. The power is taken from a second current transformer and
connected in line with the ECT unit. The power supply unit makes
the ECT fully operational within 200 Us, assuming that a 4-per-unit
short circuit current is starting to flow through the CT. The time
is counted from the zero crossing of the current. This means in
broad terms that the ECT will be fully operational before the inser-
tion resistors used in most 500-kV breakers are bypassed. In fact,
the response time of the unit should be adequate for detection of
ground faults or short circuits on a line being energized prior to
bypassing of the insertion resistors if an ultrahigh—-speed relay



were used with the ECT. If the units is required to operate below
0.02 per unit, the power must be supplied from ground.

The developed ECT makes use of single-~fiber optical waveguides (made
by SIECOR) for transmission of the data from high potential to
ground. 1In fact, the design length for the optical link is 300 m,
which is sufficient to bring the data all the way into the relay
house. The outputs provided by the ECT are capable of driving solid
state protective relays (assuming that the 5 A current input is
bypassed) and will produce bit-gserial and bit-parallel digital out-
puts that can be processed further in digital equipment.

The unit is now installed in a Bonneville Power Administration
500~kV substation for one year’'s evaluation. During the first few
months of operation, a few problems with the fiber-optic system have
been encountered, and a design flaw in the fast-starting power
supply has been uncovered and corrected. The fiber-optic problems
seem to be related to handling problems that should be readily
resolved through improvements of the packaging design.

Current Transducer for DC Applications

In many cases, it may be desirable to have dc¢ metering equipment
directly on the dc¢ line, but voltage and current transducers of the
required metering accuracy are not yet available. To date, ac
metering equipment has therefore had to satisfy the metering needs
of HVDC links. DC metering equipment will no doubt be necessary in
multiterminal HVDC systems. In recognition of these needs, EPRI has
sponsored development of an electronic current transducer with the
desired performance for metering as well as control and protection.
The transducer is being developed by General Electric (RP668). The
specifications of the transducer are equivalent to present standards
for metering class ac current transformers.

For this project, it was decided to rely on proven technology for
the current sensor. A shunt was therefore selected because it was
considered to be the best component to satisfy the accuracy and
linearity requirements.

Several different electronic system concepts have been studied as a
part of the project. The selected concept is an all-digital system
similar to the ECT for ac described above. A block diagram of the

unit is shown in Figure 3.

The electronics located in the head of the transducer next to the
shunt requires a power supply for its operation. It was decided to
use a 10-stage, 30 kHz cascade transformer power supply capable of
providing about 100 W from ground to the electronics in the top of
the electronic current transducer (ECT). This is sufficient for
temperature compensation of the temperature~gensitive components in
the measuring head. Ten stages satisifes the basic insulation level
for 400~kV dc operating voltage.



The optical communication link selected for this ECT is also 300 m
long. This is the design distance from the transmitter to the
receiver in the control room. The estimated attenuation in the
optical transmission system is less th 6 dB. This link is also
manufactured by SIECOR.

3.3 Voltage Transducer for DC Applications

A new way of measuring the high wvoltages of HVDC transmission lines
without using a resistive voltage divider was developed by General
Electric in EPRI's Prototype HVDC Link project (RP213~1).

It is, of course, impossible to use the devices presently available
for ac measurements for dc, since the steady=-state (dc) quantity
would not be reproduced. A dc measuring device must, of course,
provide the dc information, but must also accurately reproduce all
transient information, which makes the measuring problems more
difficult. For gas-insulated systems, it is also necessary to have
a compact device.

The new voltage transducer uses the static voltmeter (field mill)
principle, sensing capacitive displacement currents from the dc bus,
and producing an ac voltage proportional to the electrostatic field.

The measuring device is compatible in size with other gas-insulated
components of the compact terminal. All electrode equipment is at
ground potential. Its reliability and predicted performance are
promising, with an accuracy that seems to meet metering
requirements.

The essential circuitry is shown in Fig. 4, and the principle of
operation is shown in Fig. 5. The new transducer is now installed
in the Prototype HVDC Link that will begin test operation in early
1979,

Substation Control and Protective System Development

In a typical substation, shown in Fig. 6, the data received from the
sensing elements must serve a variety of users. The needs of the
different users are diverse indeed. For example, the accuracy of a fault
recording device can be much less that that of a metering device. The
frequency response of a SCADA system interface is less tha 1 Hz, whereas
a fault recorder may need 1.5 kHz or more. As new needs surface, we have
a tendency to satisfy them with new devices. This has led to a prolifer-
ation of devices, many of them overlapping each other. An example of
this might be the use of conventional annunciators in parallel with a
sequence-of-events recorder. This method of operation is costly. The
events recorder was, however, developed to satisfy the need for improved
fault records that could not be provided from the simple annunciator
systems.

The time now seems to be right for a new generation of control and pro-
tective devices for substation applications. The new devices should make



it possible to reduce the cost of the control and protective system while
at the same time maintaining or improving the performance of the system
to satisfy present and foreseeable future needs. New technologies that
can be applied in the new system are the fiber—-optic and microprocessor
technologies. Fiber-optic communication systems coupled with multi-
plexers for data acquisition and distribution should reduce cable costs,
reduce installation time and minimize EMI problems in high voltage sub=-
stations. Advanced data analysis is feasible through the use of micro-
processors. This should improve the flexibility of the system so that
future needs can be more readily satisfied. EPRI has one project in this
area of system development almost completed, and two projects are in the
start-up phase.

4.1 Fault Data Acquisition System

For a demonstration project such as the Protytype HVDC Link, EPRI
project RP213,(!) complete and accurate operating history and
detailed fault information is vital for evaluation of the new tech-
nology. A fault data acquisition system (FDAS) has therefore been
developed that will capture all pertinent fault data and produce a
log of operational data as well. The FDAS has been built by Boeing
Engineering and Construction {(a division of the Boeing Company)
under a contract with EPRI (RP213-3).

The resulting system, shown in Fig. 7, has a master station located
in the Astoria East Converter Terminal of the Prototype HVDC Link.
This is the normally manned terminal. A remote station is located
in the Astoria West Converter Terminal. Since the two HVDC
terminals are located only about 700 m from each other, a high-speed
multiplexer system is used for most of the data acquisition. One

of the five multiplexer terminal units used in the FDAS is located
in the yard, close to a splice in the dc cable connecting the two dc
terminals. The use of this remote multiplexing system has signifi-
cantly reduced the cost of the data acquisition system. The fourth
major assembly, shown in Fig. 7, is an operator’s console that is
intended to be used by an operations or relay engineer at a remote
office. The console has output devices that will produce a complete
record of a fault from either terminal within a few minutes after
the occurrence.

The FDAS, a block diagram of which is shown in Fig. 8, has been
built from standard, commercially-available pieces of equipment.
Siemeng' fault recorders, a Digital Equipment Corporation mini-
computer, and a Boeing multiplexer system are the major components
of the system. The major R&D areas have been:

o the design of a common time base for the system,

o) the data concentration method used for transmissin of oscil-
lographic fault data, and

o the general system interfaces and integration.



The system configuration is modular, and a two-computer configura-
tion, where one computer is placed in each terminal, will be rela-

tively easy to accomplish. This is important since, in a conven-
tional HVDC transmission system, the HVDC terminals are normally
several hundred miles apart. With some additional effort, it should
be possible to configqure the system with dial-up lines for the fault
data transmission. Thus, dedicated communication lines for the
fault data transmission will not be required. In this application,
dial-up lines should be economical, since it is expected that fault
data transmissior will be very infrequent.

The selected output device for the transmitted fault records is a
slow recorder of the same type as is used in each local fault
recorder system. It is, of course, conceivable to change this slow-
speed recorder to a small computer with a disc memory {(or other
large bulk storage media). In this way it will be possible to
perform computer analvses of the fault data, which could further
enhance the fault analysis. This capability could, if properly
utilized, be of significant value to system operators or trouble-
shooters in the future, even for ac systems. Control capability can
also easily be added to the system, since the base for the system is
the same as for the substation integrated control system alredy used
by Bonneville Power Administration.,

Substation Control and Protective System Development

A new project (RP1359), for development of a new control and pro-
tection system for transmission class substations, is in its start-
up phase. Another matching project dealing with distribution sys-
tem automation is also due to started.

The substation control and protective system development project
will make effective use of fiber-optic links for data acquisition
and will incorporate microprocessors for effective and reliable
signal processing. Many different system solutions are possible
when using computers combined with communication links. We feel
that a distributed processing—-type system is needed because protec—
tive functions will need special processors to achieve the needed
reliability. Hence, high=-level processors will probably only be
used for logging of relaying operations and for monitoring and
supervision of the relay performance. One such system concept is
shown in Fig. 9.

The use of fiber-optic links requires the use of miltiplexers for
the data acquisition subsystem. Radial and looped data links are
the two candidate systems for connection between the multiplexer
terminals. Two different ways of handling the signal transmission
system are shown in Figs. 10 and 11. These figures show very early
concepts,and the R&D work may lead us to quite different results.

Two contracts have been executed, one with Chioc University for
investigation of algorithms suitable for revenue metering. The
second contract is with Texas A&M Research Foundation for the
development of guides for electro-magnetic interference (EMI)



testing of the manufactured equipment. This project will investi-~
gate the EMI in the range from power frequencies to 100 MHz, and
characterize it in both the time and frequency domain.

The system development will be conducted by Westinghouse. This part
of the project should lead to a full system demonstration in an
existing high voltage substation. The demonstration will include
the protection relay functions for a line, a bus, and a transformer.
A second line relay development is expected to be started in 1979
with General Electric as the contractor.

Digital systems, in contrast to the conventional systems used for
protective relays, can incorporate checking as well as error-
correcting features at a reasonable cost. The cost-effective use of
self-checking features will be an important factor in this project.
It is therefore expected that corrective rather than preventive
maintenance strategies can be used. -

Optical fibers have been used in many of the ongoing project
described here. The new single~figer, low-loss, optical waveguide
appears to solve the EMI-related problems at a cost that is expected
to be competitive with existing cables in a few years. Optical
fibers no doubt have several other advantages over cables. They
cannot start an electrical fire, and the fibers do not need physical
separation from each other, since interference between fibers is
negligible. This allows the use of very simple, inexpensive ducts
for the fiber cables instead of the relatively expensive conduit
systems used in today's substations. On the negative side is the
fact that the fibers are relatively fragile, but this should not be
a problem if the fiber cables are simply rolled out in shallow
surface ductse. '

The optical communications systems, coupled with transducers like
those described above, or relatively simple multiplexers placed
strategically in switchyards, could revolutionize the design of
instrumentation and control systems in substations, as well as in
power plants in general. The potential cost-benefit of these new
systems could be substantial.

The distribution automation project has progressed through con-
tractor selection, and project authorization is being requested form
the EPRI Board of Directors. Start-up of the project is expected in
late 1978 or early 1979.

Protection and Monitoring Device Development

An important part of EPRI's Electrical Systems Division R&D program is
the development of needed or improved equipment monitoring devices.
These devices can often be used to protect the equipment that is moni-
tored, after a proper time to prove their reliability. The only ongoing
project specifically for protective relay development addresses the
special high~impedance fault system protection problem. It is likely
that similar projects will be added in the future, once the need is
identified.



5.1 High~impedance Fault Protection

The current that flows during a fault depends on a number of vari-
ables. One of these is the impedance of the fault. High impedance
at this point can limit the fault current to values that are below
the level of a fault—-sensing device, and thus the fault condition
persists because it cannot be recognized as a fault. An example of
such a fault is a broken phase conductor of a grounded wye system
that is in contact with the earth at a relatively nonconductive
point, such as on a macadam street. In this case, the current that
flows between phase conductor and ground may be limited to a few
amperes. This condition cannot be recognized by conventicnal fault-
sensing devices, and the conductor remains energized, thereby
presenting a safety hazard to anyvone who might touch it. The
complexity of this problem has suggested a parallel effort by three
contractors. Power Technologies, Inc., in a comprehensive study of
the behavior of high~impedence faultsg, will aim at identifying
characteristic parameters, and will also dvelop specifications for a
detection instrument (RP1285-1). Hughes Research Laboratories
(RP1285~2) and Texas A&M University (RP1285-3) will each conduct
studies of existing detecting concepts, and will develop prototype
detection instruments if these concepts prove feasible.

5.2 Transformer Monitoring
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The transformer is the most expensive component in a system. Its
reliability is normally high, but a catastrophic failure occurs
frequently enough to be of concern. Improved monitoring of the
winding temperature might be used to prevent excessive aging of the
winding insulation materials. Westinghouse developed a sensing
element under RP994, which is shown in Fig. 12. Another temperature
sensor is being developed by Sigma Research Corporation (RP1137).
Monitoring of the transformer oil might make it possible to take the
transformer out of service before a transformer defect leads to a
catastrophic failure. The operating principle of the detector
developed by Westinghouse (RP748) is shown in Fig. 13. On-line
monitoring, or partial discharges within the transformer, might lead
to the same result. A device for this has been developed by the
McGraw~Edison Company (RP426).

Supporting R&D

Data that supports protective relay hardware development can be as
important to the utility industry as the development itself. Methods and
procedures, such as calibration methods or similar tools, are alsoc very
important, since they help the utilities to keep their instrumentation
systems "tuned up.” A number of ongoing projects fall into one of these
two categories.

6.1 Coupling Capacitor Voltage Transformer (CCVT) Calibration System

A field calibration system for CCVTs of metering class has been
developed by the National Bureau of Standards (NBS). This project
(RP134), jointly sponsored by EPRI and NBS in 1973, was initiated
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because utility people had doubts about the long-term accuracy of
CCVTs for energy metering applications. The problem is that even if
the CCVTs are delivered with acceptable accuracy from the factory,
very little is known about their long-term stability. Periodic
calibration of the CCVTs seems to be an obvious solution, but cali-
brations with the required accuracy, 0.05% or less, are difficult to
make in the laboratory, much less in the field. Consequently, few
utilities are willing to make use of CCVTs in metering applications.

The principle for the calibration measurement is shown in Fig. 14.
Prior to some field trials, the calibration system underwent
thorough laboratory testing, which verified that the design goals
for the equipment (amplitude error of 0.05% and angle error of

0.3 mrad or less) had been met. In one field test of the cali-
bration system at a 500-~kV substation, 3 out of 6 metering class
CCVT units were found to have errors exceeding the accepted 0.3%,
4.6 mrad (16°) error limits. These units had been in operation for
four years. They were not actually used for energy metering, but
the maximum measured error (2.4%) was even beyond the normal error
limit for relaving purposes. In another field test, six newly-
installed cascade potential transformers all had almost exactly the
same accuracy as they had before leaving the factory. This proves
that the calibration system by itself, is useful for accurate field
calibrations. The CCVT performance data obtained through this
project is too small to justify any recommendation of calibration
intervals, especially since three of the CCVTs reportedly were part
of a batch of units with design defects. The discovery of the
design problem was, however, unrelated to this project. These units
have now been replaced. The large deviation (about 1%) from
expected accuracy of some of the other units has not been fully
explained. It would therefore seem prudent to calibrate CCVTs
periodically, at least until the long-term behavior of the CCVT is
better known. This is particularly important if the CCVTs are used
for metering purposes.

(Utility people interested in using the calibration system may con-
tact NBS, since the equipment will be maintained and operated by
NBS, at least for the immediate future. A detailed description of
the system is given in EPRI Report EL=690.)

Analyses of Transmission Line Transients

EPRI is in the process of developing high-speed fault current
limiters. One utility is independently pursuing an ultrahigh-speed
relay. Such devices must be capable of detecting faults in a small
fraction of a cycle. However, our knowledge about the frequency
spectrum within which these devices have to operate is limited. For
example, the noise spectrum to which the devices will be exposed is
not well defined. EPRI is therefore sponsoring a project to analyze
and classify transients on transmission lines in the 2-~Hz to 100-kHz
freguency range. Westinghouse is developing the instrumentation
system that will be needed (RP751).
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A total of two instrumentation systems will be built. They will be
shipped for installation in Florida Power and Light Company sub-
stations before the end of 1978. One system will be installed in a
500~kV substation and the other system in a 138-kV substation in the
Fort Lauderdale area. Each instrumentation system comprises the
following major components:

o Three high-frequency current transducers rated 500-kV
o Six 500~-kV capacitive voltage dividers
o Three 5-A high-frequency current transducers for measurement of

current in current transformer secondaries

o Three 115~V high=-frequency transducers for measurement of volt-
age in potential transformer or coupling capacitor voltage
transformer secondaries

o One 15~channel digital recording system for the transducers
mentioned above.

The instrument system is built for unattended operation. A surge
will automatically trigger the recorder, which will store 8192
samples per channel during each recording interval. At the fastest
sampling rate, it can record one full cycle {60 Hz) each time it is
triggered. However, in order to conserve memory space, the recorder
will automatically switch between two selectable sampling rates,
which could extend the recording interval to one second or more if
little high-frequency content is present in the transient. The
signal path within the recording system is shown in Fig. 15.

It is unrealistic to expect that an instrumentation system of this
type can collect all the information needed to better understand
surges. A worst—-case surge, for instance, that is assumed for
design of equipment, may not be recorded during the entire field
moniteoring period. Of course, this does not mean that such a surge
can never occur. The value of the system is therefore to gather
real data that can be used to verify theoretical development work.
This could lead to improved fault models that are needed to fully
understand how to best apply and build ultrahigh-speed relays. It
is also likely that the transient errors of current and voltage
transformers may have adverse effects on both control devices for
fault current limiters and ultrahigh-speed relays. These errors
should be possible to estimate using recorded data. Data analyses
will be conducted by researchers at the University of Pittsburgh and
the Rensselaer Polytechnic Institute (RP1422). Westinghouse
engineers will also perform some data analyses as a part of the same
contract (RP751). The resulting data base of power system
transients will be made available to the utility industry. The data
can, for instance, be used for testing or verification of digital,
protective relay algorithms, and may also provide statistical
information of importance to substation equipment designers.
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6.3 Distribution Fault Current Analysis

The objective of a project being carried out by Power Technologies
is to make available to utilities comprehensive statistical data on
fault currents as they are actually experienced on primary distri-
bution systems (RP1209). The continuing growth in electric power
demand has made it necessary to increase the size of all system
components. Consequently, the fault current duty on all system
equipment is increasing-—a matter of considerable concern.

Reliable data to establish the actual values of fault currents
experienced are not available. While it is well known that almost
all faults produce currents below calculated values, the actual
magnitudes, fault characteristics, and frequency of occurrence are
not generally known. The lack of this type of test data results in
imprecise system design, incorrect selection of equipment, and a
strong tendency toward conservative applications. A by-product of
this 3-year research project might be better information about "cold
load pick=-up.”

6.4 System Studies for DC Circuit Breakers

Multiterminal dc systems have been discussed for years. Such
systems will probably be using dc¢ circuit breakers. System studies
are conducted by IREQ (Hydro Quebec's Institute of Research) for
EPRI that will provide basic information about the duties of differ-
ent dc circuit breakers in four basic multiterminal dc schemes, and
the control and protection requirements for the breakers. The
different concepts that are studied are shown in Fig. 3. The study
should produce the basic information needed for development of the
protection needed to operate the breakers in multiterminal HVDC
systems, but it should be useful to anyone working with control and
protection of HVDC systems in general.

Future R&D Related to Protective Relay Systems

The substation control and protection system development and the distri-
bution automation projects will no doubt take a lions share of the R&D
funds available within EPRI's Electrical Systems Division for instru-
mentation and protection work. No new protective relay development
projects are currently in our latest 5-year plan. However, EPRI as an
organization, is trying to remain flexible making it responsive to needs
as they are identified by out program advisory committees and task
forces. It is conceivable that fault current limiters need more sophis-
ticcated control devices than are presently anticipated. Further, it is
apparent that it is less costly to improve fault clearing time by
shortening the relay response time than it is to make the power circuit
breaker ultra-fast. It is possible that EPRI might be called upon to
fund development projects in any of these areas. Subsynchronous
resonance problems, multiterminal HVDC schemes, UHV transmission systems,
and superconducting generators are all subjects that might require work
to develop suitable protective relay devices or systems. One thing is
certain. That is that the favorable cost trade-off between main circuit
capability on one hand, and control and protection equipment on the other
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will be exploited wherever a small investment in control and protection
equipment development can offset a large investment in main circuit
equipment.

References

(1) T"Compacting DC Terminals®” by N.G. Hingorani and S.L. Nilsson, EPRI
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Electronic current transducer (ECT) incorporating a single, 300-m-long
waveguide for signal transmission between the high-voltage unit and the
contro! room unit. The ECT is built for the substation environment. Its
12-bit resolution, 16-bit dynamic range, and 10-kHz bandwidth satisfy all
current accuracy and speed-of-response requirements for metering, relay-
ing, oscillographic recordings, and so on. It may suffice for future ultra-

high-speed relaying requirements as well.




Figure 2. A B00-kV electronic, digital current transducer prototype shortly before
verification tests in the manufacturer’s laboratory.
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Figure 6. The conventional control and monitoring of a substation is now handled

Figure 7.

by a multitude of separate instrumentation systems,
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Fault data acquisition system for the prototype HVDC link in New York City.
The system will be used to acquire and route oscillographic type fault data and
sequence-of-events information. 1t will also produce an operations log. The
system comprises four major subsystems. The operator's console, which is
intended for a remote operations center, will provide a full fault record, including
transient (oscillographic) fault data within minutes after a fault in any of the two
converter terminals. Noteworthy also is the use of a remote multiplexing in a
substation for the first time. This feature minimizes the need for cables by
placing the data acquisition terminals close to the eguipment being monitored.
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transformers. The thermosiphon principle is used to move oil past the
gas separation cell, and carrier gas is used to collect gasses to be studied
in the analyzer.
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SIX PHASE FAULT COMPUTATION
AND RELAYING METHODS
Lyle L. Gleason
Seattle City Light (retired)
F. Robert Bergseth
University of Washington
I. INTRODUCTION AND ACKNOWLEDGEMENT

The discussion in the following pages is based on a study performed
for Seattle City Light by Harstad Associates, Inc., under the leadership
of Mr. A. W. Moody, Vice President and Chief Electrical Engineer.

The study was concerned with the possibility of converting a double
circuit 230 Kv transmission line (Diablo to Bothell) on the City Light
system. By converting to a six-phase system with 230 Kv still maintained
between adjacent conductors the line~-to-neutral voltage would be increased
by a factor of Y3 and the power handling capability increased by a factor
of 3 with the same line current. Electric field gradients may preclude
operation as high as 230 Kv without reconductoring and these matters were
included in the study. The following pages, however, are concerned only
with thé relaying and fault computation problems involved in such a con-
version.

II. RELAYING METHODS (L. L. Gleason)

The nature of the fault currents of a six-phase line are subject to
the type of transformations used to obtain the phase displacement and how
the phases are voltage stabilized with respect to earth. The proposal of
this study was to retain the existing switching facilities by interleaving
two three-phase lines to obtain 60 degree phase displacement using two
separate transformer banks and two separate three-phase line terminals at
eachAline end and fixes the parameters for the recommended protective
relaying of this report. The 60 degree displacement is cobtained by ad-

vancing one of the three-phase lines 30 degrees and retarding the other
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line 30 degrees from the present 230 Kv phase position. To obtain this
30 degree shift, a delta-wye or extended zig-zag phase-shift transformation
must be used. Each of these transformations isclates the higher voltage
interleaved circuit such that the interleaved system does not have any
zerc sequence current flow into or out of the 230 Kv system. The trans-
formation also isolates the zero sequence of the advanced three-phase
line from the zero sequence of the retarded three-phase line and vice
versa. Because of these conditions, the conductor to earth voltage
stabilization of the higher voltage line is solely by the line-end trans-
formers of each of the three-phase interleaved lines. The protective relay
significance of these conditions can be summed into five statements:

1. There are no significant mutual impedance involvements for
line~to-ground fault currents of either the 230 Kv system or
the interleaved lines.

2. There is no need for directional control of the residual relays
on the interleaved three-phase lines.

3. For a single-line-to-ground fault on the interleaved three-phase
lines, only one of the interleaved lines needs to be cleared
to remove the fault from the system.

4. Phase-to-phase faults between the two interleaved three-phase
circuits result in residual fault currents in each line detectable
by the relays for the single line-to-ground faults.

5. Except for magnetizing inrush and equivalent ground wire currents,
any residual current detected indicates a need to clear the circuit
from the system.

The other, less probable, faults to be detected are phase-to-phase

and three-phase for either the advanced or retarded circuit. These faults
can be detected by the impedance relays on the current transformers and

potential transformers presently operating on the 230 Kv lines. Since
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the power transformer impedance in each end of the adyanced or retarded
lines equals about 25 per cent of the per unit impedance from 230 Kv bus
to 230 Kv bus, the first zone impedance setting will terminate within the
transformer for both the phase-to-phase and three-phase faults. Zone two
will be set to overlap the 230 Kv bus. With the combined per unit trans-
former and interleaved line per unit impedance being approximately equal
to the 230 Kv line per unit impedance, the settings for interleaved oper-
ation will function for a temporary 230 Kv operation. However, the phase-
to-phase settings should take into account the phase shift as outlined in

C. R. Mason's book, Art and Science of Relays, (page 172).

Added Relays

With the modern relays and the transfer trip of the 230 Kv lines,
the only added relays at each end of the line will be six harmonic-restraint
transformer differential relays; six instantaneous over and under voltage
relays on the 230 Kv side of the transformer; two non-directional over-
current residual relays with time and instantaneous elements; and a
fault pressure relay in each of the transformers. The One Line Relay
Diagram (Figure 1) éhows the relaying of one interleaved three-phase line
of a six phase line.

Fault Current Diagrams

Four fault-current flow diagrams are attached to indicate the
adequacy of the above relays, the absence of a mutual impedance problem,
and the most significant positive, negative and zero sequence impedance
paths. These Figures, 2 through 5, are diagrams of the interleaved line
system with arrows showing the current path for four types of short-circuit
faults. These figures are included to indicate how the Delta-Wye or extended
zig-zag transformers isolate the 230 Kv zero-sequence paths from the zero-
sequence path of the interleaved lines, and how the non-directional residual

overcurrent relay is capable of detecting only the faults of the interleaved
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lines. In order to show the fault current path with only solid and dashed
arrows, only the fault currents from the short circuit duty source of the
230 Kv bus at each end of the interleaved system is diagrammed.

Line to Ground on 230 Kv Fault

Figure 2 diagrams the fault current for a single-line-to-ground 230 Kv
fault, and shows that no zero sequence current flows in the transformer-
isolated interleaved lines. The currents of each interleaved line are equal
in each direction and produce no residual current. Also, with no zero
sequence (earth flow) current in the interleaved lines, there is no mutual-
impedance concern with other lines on the same corridor.

Line to Ground Fault on Six-Phase Line

Figure 3 diagrams the fault current for a single-line-to-ground fault
on an interleaved line. The isolating ability of the zlg-zag transformer
is indicated by the residual or zero sequence current in the faulted line
transformers only. See fault calculation diagrams (Figures 7 and 8).

Currvent flow in the unfaulted line conductors resulting from the
pardllel to earth path and close proximity to the faulted phase is not
shown. These unfaulted phase conductors of the companion interleaved line
represent ground wires with transformer impedance at each end, and produce
a three times IO residual current in the overcurrent relay for the unfaulted
line. This particular potentially false triﬁping current cannot be eliminated
by a directionally controlled relay; therefore, setting the relays above
this residual current value is necessary. It should be noted that, since
these phase conductors are insulated throughout the line, these parallel-
to~earth return currents are only significant for a single line-to-ground
fault near the line end.

Line to Line (Adjacent) Fault

Figure 4 diégrams the fault current for an adjacent 60 degree displace-

ment conductor to conductor fault between the two interleaved three-phase lines.
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This fault will necessitate tripping both of the interleaved lines, which
is accomplished by the residual relay of each line even though there is no
zero sequence flow of current in either of the interleaved lines or 230 Kv
lines. The zig-zag transformer neutral current appears in the ground at
each line end because two transformers are used to get the 60 degree
phase displacement. It should be noted that the fault shoft circuits a
voltage equal to the line-to-ground voltage and this line-end fault current
magnitude will likely control the setting of the residual relay. See cal-
culation (Figures 9 énd 10).

Line EQ.Line Diametrical Fault

Figure 5 diagrams the 180 degree displacement conductor to conductor
fault currents. Similar to the Figure 4 fault, no zero sequence current
flows; however, only one conductor per interleaved three-phase line is
involved so the residual relays will trip both lines. The short circuited
voltage is twice that of the 60 degre displacement with a resultant higher
fault current than the adjacent line fault of Figure 4. See calculation
(Figures 11 and 12).

Unstabilized L-G 230 Kv Fault

Since the phase shifting transformer provides no voltage-to-earth
stabilization for the 230 Kv system, a 230 Kv ground fault occurring on
the transformer when not connected to the station bus will not have positive
diffevential relay protection. To cover this possible fault, instantaneogs
over and under voltage relays on existing potential source are proposed.
These relays will be set to operate at about 75 Kv under and 150 Kv over
for line-to-earth voltage. The overvoltage and undervoltage contacts will
be connected such that any two phases with overvoltage and one phase with
undervoltage will transfer trip to the remote end of the respective inter-

leaved three-phése line when the adjacent line terminal breakers are open.



Relay Conclusions

In conclusion, it must be kept in mind that this study is for a
specific set of existing conditions. Also, in the Northwest we are
acquainted with line rated autotransformers to obtain three-phase
345 Kv lines within a 230 Kv system with the switching done at the
230 Kv level. A paper on six-phase transmission presented April 25, 1978
at the American Power Conference, Chicago, Illinois, approached the subject
from a more general basis. However, nowhere did the paper make any refer-
ence to switching the six-phase line as two interleaved three-phase lines,
as in this study.

III. COMPUTATION OF FAULT CURRENTS -~ (F. R. Bergseth)

In connection with the relay studies reported above, fault current

computations were made for representative faults on a six-phase system.

Six~Phase Symmetrical Components

Just as is the case with three-phase circuits , unbalanced fault
computations are facilitated by means of a symmetrical component trans-
formation. With the six complex number degrees of freedom of a six-phase
system, six components are required. The six components have been treated
in early works such as Clarke®. Briefly, the six components are
identified by numbers 1 through 5 and zero. Components numbered 1 are the
usual balanced set of six phasors, 60° apart, and of normal (positive)
phase sequence. Components numbered 5 are similar but of reverse {(neg-
ative) phase sequence. Components numbered zero are all equal and in phaée
(zero-phase-sequence). These three components are then very similar to
the better known components of three-phase systems. The remaining three
components form symmetrical groupings peculiar to six-phase systems and

are illustrated in the reference cited above.

*Circuit Analysis of A-C Power Systems, by Edith Clarke, John Wiley, 1943.



Imgedanees

If the six conductors of an overhead transmission line are
symmetrically disposed at the corners of a hexagon, or if the line
is suitably transposed, then there is no mutual coupling between the
several symmetrical compbnénts . This means that currents of one
sequence cause voltage drops of that same sequence, and only of that
same sequence. As an illustrative example, the series reactances of

the particular line involved in this study worked out to be:

Xl = X5 = 0.9016, X2 = Xq = 0.7391,

X3 = 0.7085, XO = 4.1323
all in ohms per phase per mile at 60 Hz.

The system proposed in the present study involves a six-phase
segment embedded in an otherwise three-phase system. It is at the
transformer banks that the six-phase components are coupled into the
three~-phase system and become three-phase symmetrical components. For the
system using two oppositely directed zig-zag banks it works out that the
six~phase components are related to the components on the three-phase
side by the following equations:

Six-phase positive sequence currents result in three-phase positive

sequence currents, changed in magnitude and shifted in phase in accordance

with the equation:

- - o
Lacagy = 27% [23971 1 ea)

Six phase negative sequence currvents result in three-phase negative
sequence currents, changed in magnitude and shifted in phase in accordance

with the equation:
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None of the other six-phase components‘pass through to the three-phase
side with this particular connection. It must be emphasized that these
relations are a consequence of the particular transformer bank connections

proposed in this study and would not necessarily always be true.

Sequence Networks and Interconnections

With the necessary symmetry out to a possible fault point it is

possible to define equivalent circults, or sequence networks, which apply

the same constraints to the symmetrical components as does the actual
system. It is only at the point of an unbalanced fault that these networks
affect each other. By analyzing the relations between the actual voltages
and currents at a point of unbalance it is possible to derive the
corresponding constraints which relate the six-phase symmetrical components
at the fault point. In some cases there are striking similarities to the
analogous three-phase cases. For example a six-phase fault is fepresented
by a short-circuit on the positive sequence network only, while a one-
line-to-ground fault representation calls for a series connection of all
six sequence networks.

Figure 6 shows the actual fault currents in amperes for a Fault at
the Bothell end of the line. The fault currents form a balanced set in the
six-phase sense. The two three-phase lines in parallel with the proposed
six~-phase conversion also pass a small current to the fault which is actually
of positive-phase-sequence in the three-phase sense.

A single-line-to-ground fault at the Bothell end is represented by
Fig., 7 in terms of the six-phase symmetrical components, while Fig. 8
shows the actual currents in amperes for this fault. It will be noted

that there 1s a small zero-phase-sequence current induced in the parallel'



three-phase lines.

As another example of an unbalanced fault it seems reasonable to
expect that a line-to-line fault between adjacent lines would be very
possible. For such a fault from phase a to phase b the following equations

determine the symmetrical components of the fault currents:

2E / 60°
T =
3 Zl + 322 423 + 3Zu + 25
IO = 0

= L(1 -
I, =41 - Db,
I, =51 - b1
2 2 3
n
T = L - )
I, (1 - b)I,
I, = 3%(1 - b1
5 2 3
where: E is the positive-phase-sequence prefault voltage at the fault

point.
The several Z's are the sequence impedance equivalents
looking back into the system at the fault point and,

o]

160 , analogous to the number

b is a complex number, b = e
= eleoo of three-phase symmetrical components.
It may be seen that the relations are rather more complex than those of the
corresponding three-phase case.,
The symmetrical components of the fault currents for a line-to-line
fault between adjacent conductors at the Bothell end are shown in Fig. 9.
It should be emphasized that, although no zero-sequence currents are present
in the six-phase sense, the two interleaved three-phase groups forming the
the six-phase line each have zero-sequence (residual) current in the
three-phase sense, and this fact has led Mr. Gleason to the relaying pattern

proposed in the foregoing pages. The actual currents for the line-to-line

fault are shown in Fig. 10.
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Another type of unbalance was analyzed; that of a line-to-line fault
between conductors diagonally opposite in the six-phase system. Although
the probability of occurance of such a fault might be questioned, that
fault would involve the largest possible pre-fault voltage and was felt
important enough to include in the study. The symmetrical components of
the fault currents for such a fault at the Bothell end of the six-phase
line are shown in Fig. 11 and the actual currents in Fig. 12.

Future Studies

A bewildering number of other types of unbalances are possible on
a six-phase system and it remains to be seen from practical experience which
faults will be most significant. As might be expected certain types of
unbalance on a six-phase system have no counterpart in the familiar three-
phase case and the analysis can be quite complex mathematically.

In applying relays to a three-phase system it is common to base settings
on two cases: a three-phase fault, and a single-line-to-ground fault. For
a six-phase system the necessary experience is lacking to determine which
types of faults will be most significant to relay operation. The proposals
outlined above give one possible answer for the particular system config-

uration under study.
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Abstract

Auxiliaries systems in generating plants at times need to be transferred from one source of
power to another. There are three general methods of performing this transfer, two of which
result in the auxiliaries system being energized while there is significant residual flux in the auxil-
iaries motors. This energization with significant motor flux requires assurance that the phase angle
between the motor residual voltage and the incoming source voltage is not excessive in order to
limit the duty imposed on the motors when the transfer is compieted. Moreover, there are
various contingencies that may result in source voltages that are significantly out of phase, which
creates a need to provide a check of phase angle of the incoming source with respect to the motor
bus voltage.

This paper reviews bus transfer methods, identifies the need for synchronism check in these
methods, presents an advanced synchronism check relay — the type SLJ12A relay to perform the
function for auxiliary bus transfer — and describes studies which illustrate the performance of the
auxiliaries bus and application of the relay during a typical bus transfer.

Introduction

Most ““unit-connected’’ generating units have at least two sources of power for the auxiliaries.
Figure 1 is a simplified one-line diagram of the auxiliaries system for a typical unit.

During normal operation the auxiliaries are supplied from the unit auxiliaries transformer which
is connected to the main generator leads, usually by means of a tap in the isolated phase bus.
During plant-startup before the generator is able to accept load or during periods when the unit
auxiliaries transformer is out-of-service the auxiliaries power is supplied through the station serv-
ice transformer {also referred to as “‘startup’’ or “reserve’’ transformer). During startup, when the
generator is able to accept load, the auxiliaries loads are transferred from the station service trans-
former to the unit auxiliaries transformer; and during plant shutdown a transfer back to the station
service transformer may be necessary. Such transfers are commonly known as bus transfers or
throwovers.

Most generating units and particularly nuclear units require.power for the auxiliaries that must
operate during and after shut down. The station service transformer supplies the auxiliaries power
during these periods also. ‘

A number of generating units do not have a unit auxiliaries transformer and use the station serv-
ice transformer for the auxiliaries power during all circumstances. Nuclear units require a minimum
of two off-site sources of power for the Class 1E systems (engineered safeguards) in addition to
the standby a-c generator. Figure 2 illustrates a simplified one-line diagram for a nuciear unit with
the conventional unit-connected scheme. The second off-site source need only have capability for
starting and supplying the Class 1E and related loads. At some stations the second off-site source
is capable of supplying the unit auxiliaries under normal operation, since it may be the station
service transformer for another generating unit. In addition to the transfers between the station
service and the unit auxiliaries transformers, it is necessary to provide for transfer of the Class 1E
buses between the two off-site power sources.



A variation of the unit-connected scheme is one in which a generator circuit breaker or load-
break switch is installed between the generator terminal and the bus tap to the unit auxiliaries
transformer as shown in Figure 3. A number of nuclear units are being built with this arrangement.
With the generator breaker open the generator step-up transformer serves as an off-site source to
the unit auxiliaries transformer. The unit can be started up using the unit auxiliaries and generator
step-up transformers and the generator is synchronized with the system by closing the generator
breaker. Similarly the unit auxiliaries can continue to be supplied during shutdown by opening
the generator breaker. Routine transfers for startup and shutdown are therefore eliminated. The
generator step-up and unit auxiliaries transformers qualify as an off-site source for Class 1E power
systems eliminating one of the station service transformers that served as the alternate off-site
source in the system shown in Figure 2. The capability for bus transfer is still required for circum-
stances requiring the Class 1E loads. The Class 1E buses would be transferred to the station serv-

“ice transformer if the source of power through the generator step-up transformer became unavail-
able. There may be other non-routine conditions which would require a transfer of all auxiliaries
to the station service transformer.

Bus Transfer Methods

Some methods of bus transfer result in all external sources of power being removed from the
auxiliaries buses for some period of time. Electric motor driven equipment will decelerate with all
external power sources removed from the buses. The rates of deceleration depend upon the iner-
tias of the drives, and the synchronizing power flowing between motors due to the relative trapped
motor fluxes. As the drives decelerate, the motor fiuxes will drift with respect to the voltage
angle of the auxiliaries s;/stem sources. |f these relative angles become large enough at the time
the incoming source breaker is closed, the resuitant voltages between the source and the motors
will preduce inrush currents which may be significantly larger than normai full-voltage starting
currents. These high currents cause high winding forces and transient torques that can damage the
rotating equipment. The motor fluxes and the resulting residual voitage at the auxiliaries bus de-
cay with time. The rate of decay depends upon the motor time constants and is affected by
power transfer between dissimilar motors and by deceleration. Electrical faults can have a signifi-
cant effect on the rate of decay.

The majority of auxiliaries system bus transfers are executed using one of three basic methods:

1. “Parallei”or "'Closed Circuit’”” Transfer.
2.  “iIntentional Time Delay” Transfer.
3.  “High-Speed’ or ““Fast’” or “Non-Intentional Time Delay’’ Transfer.

Parallel Transfer is executed by closing the circuit breaker to the source to which the auxiliary
system is being transferred, before opening the circuit breaker to the source from which the sys-
tem is being separated. Parallel transfer, which ensures that the auxiliary system is not simultane-
ously separated from both sources, eliminates problems associated with the deceleration of the
drives. Parailel transfer should be avoided in situations where the sources are significantly out-of-
phase. Unit auxiliaries and station service transformers can be subjected to excessive duty during
out-of-phase paraliel transfers,



Intentional Time-Delay Transfer is executed by opening the circuit breaker to the source from
which the system is being separated and allows the residual voltage in the auxiliary system to decay
to a specific level before the incoming source breaker closes. The transfer is completed after a
specific time delay or, more frequently, after the residual bus voltage reaches an acceptable, pre-
determined value which will not result in inrush currents that are high enough to damage the ro-
tating equipment regardless of the phase-angle difference. When the motors are re-energized many
or all of them will draw currents which could be equal to or nearly equal to normal starting cur-
rent since they may have decelerated well below full speed. Unless non-essential motors are strip-
ped from the bus the total ““starting’” current for all 'of the drives may cause excessive voltage dip,
preventing some or all of the drives from re-accelerating.

High speed transfer, employing fast-closing, stored-energy-mechanism circuit breakers, can mini-
mize drive deceleration to a level that will limit motor inrush currents to acceptable values. High
speed transfer can be accomplished in either of two ways. Both source breakers can be simuitane-
ously signalled to operate, usually resulting in the auxiliary buses being disconnected from both -
sources for a time of less than three cycles. (Ref. 4, page B-10). There is some probability with
certain circuit breakers that the sources will be paralleled for a very short time using this scheme.
As an alternate method to avoid paralleling the sources, a fast auxiliary contact on the opening
breaker can be employed to signal the incoming source breaker to close, resulting in disconnecting
the buses from both sources for a maximum time of two to five cycles, depending upon the ratings
of the breakers. {Ref. 4, page B-10} This method provides positive indication that the opening
breaker has started to open before the closing breaker is signalled to close. Any auxiliary relays
which are interposed between the opening breaker auxiliary contact and the closing coil of the
incoming source breaker will increase the time that both sources are disconnected from the bus.

A number of generating stations, where more than one transmission voitage is available, are ar-
ranged with the station service transformer connected to a different transmission voltage than the
generator step-up transformer. In these situations, a significant phase angle can exist between the
voltages of the two sources. Care must be exercised to evaluate the effect of this initial phase
angle difference when considering the high speed transfer method. The intentional time delay
transfer must provide sufficient time for motor fluxes to decay, so that the motor inrush currents
are reduced to acceptabie levels. Transfer times, falling between the times associated with high
speed and intentional time delay transfers, will greatly increase the risk of damage to equipment.

To limit the exposure of motors and driven equipment to excessive inrush currents and tran-
sient torques, it is recommended that the resultant voltage between the motor residual volts per
hertz and the incoming source volts per hertz not exceed 1.33 per unit volts-per-hertz of the motor
rated voltage and frequency bases (Ref. 1, paragraph 15, page 14).

Need for a High Speed Synchronizing Check Reiay

There is a need for a high speed synchronism check relay for high speed automatic bus transfers.
Such a relay is also desirable for parallei transfer cperations.



The rate at which rotating equipment decelerates when electric power to the motors is inter-
rupted is basically a function of the inertias of the rotating parts. Large generating station boiler
fans and reactor coolant pumps with large flywheels generally decelerate very slowly and the phase
angle of the motor residual voltage does not change very much with respect to the system voltage
during a high-speed transfer. On the other hand iow inertia drives such as circuiating water pumps
decelerate quite rapidly and the change in phase angle of the motor residual voltage with respect
to the system voltage can be relatively large during a high-speed transfer. The degree to which in-
dividual motors are loaded also affects the rate of deceleration. It is quite common practice to
group motor drives of different applications and ratings on a single bus. In these situations the
high inertia drives will decelerate faster and the low-inertia drives will decelerate slower than if
they were isolated from each other. Examples of an isolated fan drive, an isolated circulating
water pump and a bus with dissimilar loads are presented later. At a particular time the combina-
tion of motors connected to & bus can be different from the combination required for a different
operating condition. The degree to which the individual motors are loaded can vary also. Under
varying ioad circumstances the changes in bus residual voltage during bus transfer operations can
vary between the extremes for the individual drives operating alone on the bus.

Where it is desired to apply a fast transfer scheme it is necessary to determine the worst condi-
tions of resultant voltage between the motor residual flux {or voltage) and the incoming source at
the time the transfer is completed. Any initial phase angie difference between the sources must
be taken into account.

Where the high-voltage windings of the generator step-up transformer and the station service
transformers are connected to the same high-voltage bus the assumption that the sources are in
phase is usually a reasonable one. The step-up transformers of many large contemporary generat-
ing units are connected to 500 kV and 765 kV systems. The costs associated with connecting the
station service transformers to these EHV systems is considerably higher than the cost of connect-
ing them to lower voltage transmission systems. |f lower voltage transmission is available at the
plant site or even nearby, the startup or reserve transformers are often connected to the lower volt-
age systems. In these situations assumption that the sources are in phase is no longer a valid one
since the possibie maximum phase angle differences between the systems can be significant. For
instance when a transmission-tie autotransformer at the Qenerating station is out of service, the
phase angle difference between the voltage levels can be significant if the systems are tied together
remotely or not at all. A number of situations exist where the phase angle difference can be 20 to
30 degrees prior to the transfer operation. Angles of this magnitude can provide quite a head start
for the motors which will begin decelerating and drifting away from the source after a high speed
transfer is initiated. The authors are aware of a contingency situation at a large generating station ‘
where the initial phase angle prior to transfer is close to 70 degrees.

The initial phase angle is a very important factor in determining where the motor fluxes will be
relative to the power source after a given time during a transfer. For such situations it is more im-
portant than ever to determine the expected resultant voits/hertz between the incoming power
source and the motor residual voits/hertz to determine whether excessive duty will be imposed on
the motors or the driven equipments. Where contingencies or operating conditions ¢an cause



changes in the phase angle between the source voltages and these changes can result in excessive
duty on motor drives as the result of a bus transfer operation, there is a need to continuously mon-
itor the source voltages and block high speed transfers when an acceptable initial angle is exceeded.

Another example of the need for monitoring the phase angle between sources involves a gener-
ating unit where the auxiliaries are not automatically transferred to the station service transformer
when a load rejection occurs (the generator high side breaker trips). Such a situation exists where
particular units are to be used to reenergize the transmission system after a major system disturb-
ance. Under these circumstances the transmission system is unavailable to supply power to the
auxiliaries through the station startup transformer. The auxiliaries must continue to be supplied
from the generator through the unit auxiliaries transformers. These units must be capable of oper-
ating with only their auxiliaries for load. Many automatic transfers are initiated by mechanical
problems such as boiler or turbine trips. When a unit experiences a load rejection the turbine-
generator accelerates rather rapidly until control action corrects the speed. The motors which
remain connected to the unit source follow the speed of the generator. |f a load rejection occurs
that is not the result of, or accompanied by, a loss of the transmission system, the source through
the station service transformer might still be available. i{f a mechanical problem develops subse-
quent to the load rejection and an automatic transfer is initiated, the auxiliaries would probably
be at some random phase angle and frequency with respect to the station service source. The trans-
fer could occur at any time and the motor drives could be subjected to severe transient torques as
a result. If the phase angle between the auxiliaries bus and the station service source exceeds a pre-
determined value, the automatic transfer could be blocked by action of a synchronism check relay
which is capable of monitoring the phase angle continuously. The expected acceleration rates of
the turbine-generator and auxiliary motors should be considered when determining the limiting
phase angle at which the relay should initiate blocking action.

At a number of generating stations, bus transfers are initiated when certain electrical faults
oceur. It is not uncommon for the operation of a unit auxiliaries transformer differential relay to
initiate a bus transfer. When a short circuit occurs the motors contribute fault current. The
amount of fault current contributed by the motors depends upon the impedance between the
fault and the motors. |f the fault is located between the auxiliaries transformers and the auxiliar-
ies bus there is little impedance between the motors and the fault. The motor contributions will
be significant and will decay within a few cycles. Typical large squirrel cage induction motors for
power station applications have short-circuit time constants ranging between 1.5 and 6 cycles with
most falling between 2.5 and 4 cycles. Synchronous motors with excitation maintained during the
fault will have longer short circuit time constants than induction motors. Any significant imped-
ance between the motors and the point of fault will reduce the motor fault currents and lengthen
the time constants. The decay in motor fault current is caused by the decay of the motor fluxes.
Since the rate of decay of the fluxes is dependent on the total curcuit time constants to the point
of fauit the level of fluxes in the motors at a given time wiil vary depending upon the iocation of
the fault. !f the resulting residual bus voltage is depressed to a value below the value acceptable



for an intentional time delay transfer then the transfer can be completed without concern for ex-
cessive duty on the motors and driven equipment. if, however, there is significant, although pos--
sibly depressed, residual voltage on the bus when the transfer is initiated the phase angle between
the.bus and the incoming source is of concern just as in the case of a transfer from a heaithy elec-
trical system. In these situations it is desirabie for a synchronism check relay to maintain pickup
angle accuracy for depressed bus voltages.

If it is still desirable or necessary to transfer the auxiliaries after automatic high-speed transfer
has been biocked, the bus transfer logic could revert to a time delay transfer.

Operation of the Synchronism Check Relay

A synchronism check relay for use in the fast transfer of motor circuits must be capable of
being continuously energized, must exhibit an extremely fast dropout, and measure phase angle
accurately even with one input depressed from nominal. It is for this application along with one
other that the SLJ12A relay was developed. The other application is synchronism check in a high-
speed reclosing scheme on transmission lines.

The SLJ12A relay provides the synchronism check function by directly comparing the coinci-
dence between the bus voltage and the line voitage. The three basic functions of the relay are dia-
gramed in Figure 4. These are: the bus and line undervoitage units, the comparison of the angle
between the bus and line voltage, and the intentional time delay accomplished by TL2. This latter
function requires that a number of successive cycles be in phase.

The undervoltage functions are provided by electro-mechanical units, device 27B for bus, and
device 27L for line detection. These units pick up at slightly over 50 percent of rated volitage and
drop out at slightly under 50 percent rated voltage. Detection of undervoltage by either unit will
prevent further operation of the relay by applying a positive d.c. signal to the NOT input of AND
3 as shown in Figure 4.

The comparison of the angle between the bus voltage and line voltage is made by T1, T2, AND
1, AND 2, and TL1, as illustrated in Figure 4, The two voltages are coupled through separate
transformers, T1 and T2, where the positive half cycle of voltage provides a signal to AND 1 while
the negative half cycle of voltage provides a signal to AND 2. When both the bus voltage and line
voltage are positive and feeding a signal to AND 1, a signal is transmitted to timer TL1. If this co-
incidence of bus and line voltage lasts longer than the setting of the pickup time A, then timer TL1
provides an output. In a like manner, the negative coincidence of these voltages provides an out-
put through AND 2 to TL1.

The input to TL1 timer is shown in Figure 5. The top two traces are the bus and line voltages.
The third trace is the output of AND 1 that occurs whenever both the bus and line voltage are
positive by at least a small amount. The fourth trace is similarly positive when these two voltages
are negative by a small amount. The fifth trace in Figure 5 in the input to timer TL1, which is posi-
tive whenever either AND 1 or AND 2 provides a signal. |f the signal persists for longer than A,
the pickup time of TL1, then a signal is provided to the middle input of AND 3, indicating a bus
and line angular difference less than the setpoint of the reléy. This signal indicates that on an in-
stantaneous basis, the angular difference between the two voltages is less than the synchronism
check angle setting. This signal will persist for 8 milliseconds after the input to TL1 disappears.

8.



Again referring to Figure 4, there are two other inputs to AND 3 in addition to the signal from
TL1. One is the output of contact converter CC1 controlled by a supervising contact if desired,
and the other is the autput of the undervoltage units 271 and 278 through the NOT input. For
. the auxiliary bus transfer application, no supervising contact would be connected to contact con-
verter CC1. Instead a d.c. signal would be applied continuously to CC1, thus allowing continuous
operation of the synchronism check relay. The bus and line undervoltage detectors will be picked
up if their voitage is above about 50 percent.

Thus, with CC1 continuously supplied with d.c., at least 50 percent voltage on both the bus and
line and the synchronism check angle setting satisfied, the necessary inputs will be present at AND
3 and a signal will be applied to TL2. When this signai persists at TL2 for its setting of B milli-
seconds, an input is provided to AND 4.

Timer TL2 provides an intentional time delay in the pickup of the relay. This time delay de-
pends on the setting of TL2, which can be set between 10 and 180 milliseconds. This intentional
time delay performs two functions. First it requires that a number of half cycles confirm that in-
stantaneous synchronism check angle setting has been satisfied. Second, it limits the maximum
frequency difference between the two voitages which will still allow the SLJ12A relay to pick up.
The frequency difference will be discussed further in Relay Performance.

TL3is a timer used to inhibit relay operation for 100 milliseconds after d.c. energizing to pre-

- vent false operations during turn on transients.

With the output of both TL2 and TL3 to AND 4, the output relay is energized to close the syn-
chronism check contacts. These contacts will remain closed until any of the relay conditions fail
to be satisfied. i

- Relay Performance

The SLJ12A synchronism check relay provides several desirable performance features. First, it
has a fast dropout time. If after pickup, the angular displacement between the bus and line voit-
age exceeds the relay set point, the output contact will open in 25 milliseconds. This dropout
time provides verification that the systems were still within the angular setting of the SLJ12A re-

" lay until one and one-half cycles before the incoming source breaker is energized. A second contact
is provided to prevent transfer initiation in a similar time if desired. With the previously postulat-
ed conditions and the proper relay settings, this dropout limitation should limit transfer to accep-
table angular'conditions. The second desirable performance feature of the SLJ12A is that it can

be continuously energized. With the resulting continuous synchronism check, no time delay is
introduced prior to initiation of the transfer.

A third desirable characteristic is the consistency of the relay synchronism check pickup angie

with variations in voltage. Figure 6 demonstrates the SLJ12A variations in pickup angle as a func-
~ tion of voitage. Note that, the relay changes its characteristic by only 3 degrees down to 50 per-
cent voltage at which the bus undervoltage relay will inhibit the synchronism check function. On
the same plot, this SLJ characteristic is compared with that of a conventional synchronism check
relays. The conventional relay compares the voltage difference versus the bus or line voltage. The
improvement is apparent, and the SLJ12A relay will give an accurate angular verification even if



the motor bus voitage is reduced. If the voltage is below 50 percent, no relay output will result.

A separate voltage cutoff of source voltage may be desirable in order to prevent fast or simultane-
ous transfer if the alternate source is less than that voltage which would provide satisfactory
operation of the loads.

Finally, there is a possibility of the two voltages (bus and source or the two source voltages)
having a different frequency. With each voltage having a different frequency, there will be some
times that these voltages are in phase, and other times when the two voltages will be 180 de-
grees out-of-phase. If the synchronism check relay provides an output when the two voltages
are within its angular setting, before the breaker can close its contacts these two voltages may
have swung considerably apart, and there is a possibility of damage to equipment. To prevent
the above possibility, the pickup should be time delayed. If accomplished properly, this time
delay will limit the frequency difference between the two voltages to a reasonable amount be-
fore the synchronism check output relay will pick up. It is for this purpose that the TL2 time
delay of B milliseconds was introduced into the SLJ12A relay. For instance this time delay
should be long enough to prevent the relay from providing an output if the auxiliaries bus has
been separated from a source long enough to slip a complete cycle.

The slip angular cutoff of the relay is inversely proportional to the pickup time of the relay
and directly proportional to the angular setting. Equation 1 defines the relationship.

S = A/180* (P.U.) . (Equation 1)
where: S is the cutoff slip in hertz

A is the angle at which the relay is set

P.U. is the pickup time of the relay in seconds
A pickup of the relay with large slip between the bus and line voltage could create a large angu-
lar difference between these two systems at the time when the closing breaker closes even if
the systems were in phase at the instant the closing breaker was given the close signal. This is
, because of the time delay between the instant at which a breaker receives a close signal, and
the instant at which the breaker closes its contacts.

For example: If the relay is set at 20 degrees maximum angle of pickup, the pickup time is
set at 170 milliseconds by means of the TL2 timer, shown in Figure 4, and the closing breaker
takes 5 cycles to close, the worst angle of disparity allowed by the synchronism check relay
can be determined. The maximum slip for this condition, using Equation 1 and the above con-
stants is .65 Hertz or 235 degrees per second. |f the breaker takes 5 cycles or 83 milliseconds
to complete its close cycle, then the motor voltage can slip 19.6 degrees in the time that the
breaker takes to close. This 19.6 degrees added to the relay setting of 20 degrees gives a 39.6
degree separation between bus and source voitage as the maximum angle that can result with
the assumed conditions.

For the auxiliary bus transfer application, TL2 should normally be set at maximum, thus
limiting slip to values compatable with the previous example.

These performance characteristics are illustrated in Figure 7, and are compared with the re-
quirements of the bus transfer application as follows in application examples.



Application Examples

Three application examples are discussed:

1. A typical auxiliaries bus with several dissimilar motor loads.

2. A typical low inertia circulating water pump drive operating alone on a bus.

3. A typical high-inertia induced draft fan operating alone on a bus.

These examples illustrate various conditions of drive deceleration and residual voltage during a
high speed transfer typical of those which should be considered when applying an SLJ12A relay.
A typical circulating water pump drive, in isolated operation, will have a rapid deceleration rate
compared to that for a system with pumps, fans, pulverizers, etc. all connected to the same bus.
Conversely a typical boiler fan in isolated operation will have a relatively slow deceleration rate
compared to a system with drives for several applications. In addition to illustrating the differ-
ent deceleration rates for low and high inertia drives connected to separate buses the pump and
fan examples indicate possible boundary conditions of deceleration rates for a typical bus

where the pumps or fans could be the only connected load at some time when a transfer is
initiated.

The system configuration for the examples is shown in Figure 8. All of the examples repre-
sent high speed transfers. Upon initiation of the transfer, breaker U’ is signalled to open and
its auxiliary “’b’’ switch signals breaker “‘S’' to close. The resultant volts “VR" across the open
breaker “’S" just prior to the closing of the breaker contacts, is the voltage which is indicative
of the duty to which the motors will be subjected.

The following conditions and criterion apply to the examples:

1.  No electrical faults exist in the system.

2. Unit and station service source voltages are 1.0 per unit, and do not change in

magnitude or relative phase angle.

3.  Breaker closing time of 5.4 cycles from time that auxiliary b’ switch operates.

(Figure 9A illustrates the breaker sequence for the examples. A range of closing
times of 3.6 to 5.4 cycles is shown.)

"4, Criterion for acceptable duty for motor drives: Maximum resultant voltage between
station service source and bus residual Volts/Hz of 1.33 per unit volts/Hz on motor
voitage and frequency bases {(Reference 1).

For each example a maximum permissible initial phase angle difference between the unit and
station service sources will be determined based on the deceleration and decay rates for the
particular examples.



The examples representing a typical auxiliaries bus with dissimilar connected loads is based
on osciliograph data showing the phase angle drift and voltage decay on a bus after the unit
source was interrupted during a test. Figures 9A and 9B are constructed from the oscillograph
trace. The voltage decay on this particular bus is more rapid than for many auxiliaries buses.
This indicates a sizeable amount of synchronizing power was being interchanged between very
dissimilar drives. Figure 10 is a vector diagram illustrating the magnitude and phase angle
relationships of per unit volts per hertz for the unit source voltage, the auxiliaries bus residual
vaoltage just prior to the closing of the station service source breaker contacts, and the limits of
maximum acceptable station service source phase angle for leading and lagging conditions.
These limits were determined for maximum resuitant volts per hertz between the bus and sta-
tion service source of 1.33 per unit as previously specified. The indicated limit for the station
service source leading the unit source voltage {or auxiliary bus voltage prior to transfer) is 58
degrees. For a lagging source voitage the limit is 116 degrees. The relay should be conserva-
tively set for 53 degrees or less, for this example, to meet the motor criteria.

The results for a typical circulating water pump drive are illustrated in Figure 11. The maxi-
mum phase angie by which the station service source can lead the unit source (or auxiliaries bus
voltage prior to transfer) and meet the resultant volts per hertz criterion for the motors is 35
degrees. The bus transfer method and system conditions were as previously stated. The results
for a typical fan drive are illustrated in Figure 12. The maximum phase angle by which the
station service source can lead the unit source {or auxiliaries bus voltage prior to transfer) and
meet the resuitant volts per hertz criterion for the motors is 84 degrees. Since the application
range of the relay is 10 to 60 degrees, the relay would be set for some expected initial phase
angle difference between the sources of 60 degrees or less,

For any c‘ombination of expected transfer conditions the limiting initial phase angle differ-
ence satisfying motor duty criteria should be determined. The limiting phase angle difference
satisfying motor duty criteria for all expected transfer conditions shouid be determined and the
relay be set accordingly.

Conclusion

The methods of transferring power plant auxiliaries from one source to another have been
discussed. For many bus transfer conditions, it ‘is desirable to verify that the phase angle bet-
ween the motor bus voltage and the incoming source voltage is not excessive in order to mini-
mize the exposure of equipment to severe duty. To perform this angular check, the type
SLJ12A synchronism check relay is proposed. A further study was performed verifying the
satisfactory performance of the SLJ12A relay for variations of auxiliary motor loads and
characteristics.
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AN INTEGRATED APPROACH TO MOTOR PROTECTION

INTRODUCTION

Improvements in motor design and manufacturing technology in recent years
have resulted in a decrease of the size to power ratio and a corresponding re-~
duction in overload capability. Early motors which had a high tolerance to
overloads could be protected by relatively simple devices. More sophisticated
techniques are now necessary.

This paper describes modern protective relay functions and their integration

into a coordinated and compact package. New relaying techniques are included

whereby the motor capabilities and relay operating characteristics can be

closely matched.

An understanding of motor protection can be obtained by examining the

following points:
1. Analysis of failure modes
2. Protection schemes

3. 1Integrated motor protection




ANALYSIS OF FAILURE MODES

Vulnerable Aspects of Motors

Basically motor failures are either load induced, supply induced or are in-
ternal motor failures. There are two components of motors that are particularly
vulnerable. These are the insulation system and certain mechanical parts,
notably the bearings. Of these the insulation system is exposed to a greater
variety of potentially damaging influences. Accordingly, a large number of in-

sulation protection schemes have been developed.

Load Induced Failures

Overloads due to excessive shaft loading cause the stator temperature to
rise above its normal operating level.

The acceptable level of temperature to which motor insulation may be sub-
jected depends upon the design of the insulation system. Copper losses in the
motor represented by 1%R create overheating during an overload condition. The
eventual result of prolonged overheating is insulation failure in the motor.

Locked Rotor. If the rotor is blocked from rotating, the motor will over-

heat if left energized longer than the allowable locked rotor time. The lack
of rotation does not allow a counter emf to be developed. The result is a sus-
tained current equal to the starting current which can be 5 to 8 times rated
current. Figure 1 shows typical full voltage starting current of an induction
motor.

Locked rotor current may lead to either stator or rotor damage depending on
motor design. Since the locked rotor current depends upon voltage, the maximum

allowable current can be either rotor or stator limited.



Long Accelerating Time. The motor starting time depends on the opposing

torque. Figure 2 shows the speed vs torque relationship of a typical induction
motor (Curve I). Curve II of Figure 2 shows the speed vs torque characteristic
of the load. The difference between the two curves is the accelerating torque.
If for any reason the load torque exceeds the motor torque, the motor will not
come up to rated speed. As the accelerating torque decreases, the acceleration
time increases. Long accelerating times may overheat the rotor or the stator
if the thermal limit is exceeded.

Motors applied to high inertia loads require long accelerating times.
Current during this period remains at a high level comparable to the locked
rotor value. The result is a high rate of temperature rise.

Frequent starting without adequate intervening, running or idle time to

permit heat dissipation can also cause excessive temperature rises.

Failures Caused by Abnormal Supply Condition

Phase unbalance of the supply voltage or an open phase causes substantial

negative sequence current to flow. This negative sequence current (Ip) causes
an abnormally high frequency voltage to be induced in the rotor. The resultant
rotor current appears as excessive heat. Additionally, a high percentage of I,y
causes overheating of the stator.

Overvoltage. Voltage surges can cause insulation breakdown. Insulation
which has deteriorated is particularly vulnerable and may fail at the same surge
level that new insulation could withstand. Sustained overvoltages are uncommon
because of the normal controls in the supply system. However, when they occur,
they also can break down insulation. Overvoltage relaying is usually not pro-

vided for motors.



Reenergizing the motor after a brief power interruption before the motor

back emf has subsided may result in exceptionally high inrush currents. This
condition may be particularly troublesome if the supply voltage and motor back
emf are out of phase. This may produce overtemperature oY damage resulting

from mechanical disturbance of the windings.

Internal Motor Failures

Insulation failure can result from overtemperature conditions extending

over a period of time. The rate of deterioration is a function of the over-
temperature and duration. A commonly applied criterion is that the life of the
insulation is halved for each 10°C incremental increase. Because of its gradual
influence, it would be helpful to detect the overtemperature condition in two
stages. An alarm stage would allow corrective action to be taken before the
trip level is reached.
Effects other than temperature that cause insulation failure include

overvoltage, mechanical damage and the entry of moisture and other contaminants.

Short circuits are the direct result of insulation failure. Short circuits

cause considerable damage to the motor. Such damage may burn the iron and break
down the interlaminar insulation in the core, in addition to causing burning of
the coil insulation. Core damage is usually more costly to repair than winding
damage. The following types of faults are all recognized as capable of creating
motor damage resulting from excessive heating at the point of fault:

Phase to ground

Interphase faults

Turn to turn faults

For all of these fault conditions prompt tripping of the motor is desirable

in order to limit damage.



PROTECTION SCHEMES

Relay Input Quantities

Relay input quantities available for measurement include motor current,

terminal voltage and frequency. Non-electrical quantities including speed of
rotation, vibration and temperature are not addressed in this paper.
These quantities are often used in combination to give indication of
motor conditions. Derived values of both real and reactive power, phase angle,
power factor and impedance are commonly used. Simulated motor temperature rise
may be obtained from the current which is directly related to the energy of the
internal losses. Most of this is 1%R energy converted to heat in the motor.
The current and voltage inputs to a protective relay are usually obtained
from current or potential transformers which interface with the power system.
Because of saturation effects in these devices, it is desirable to use relays

that impose the least burden possible.

Relaying Techniques

Overload protection. To understand how overload protection can be success-

fully employed for large motors, it would be helpful to first examine some
physical relationships. The equation for heat transfer in a motor under steady
flow conditions can be stated in the following manner:

Qi = Qa + Qe (1)

The heat input to the system, Qi, must equal the heat accumulated in the
system, Qa, plus the heat removed by cooling, Qe, during the same time interval.

Qi may be directly measured because it is proportional to the electrical losses

(1°R).



Equation (1) is wvalid for heat transfer in a motor for load conditions which
allow cooling Qe to be effective. However, for very high current/low speed con-~
ditions, such as during starting, the cooling effect Qe approaches zero. Thus,
for high currents Equation (1) becomes:

Qi = Qa (2)

An effective overload protection system must be able to recognize the two
conditions reflected by Equations (1) and (2). Additionally, it must remember
the conditions prior to the overload, i.e. whatever motor pre-heating may have
occurred. A cold motor has a greater ability/to withstand an overload than a
hot motor. Thus, a memory of previous overloads would be helpful.

The temperature rise in a running motor follows a different characteristic
than the temperature fall when the motor stops. Hence, the thermal memory must
take this into account. This effect is illustrated in Figure 9.

A practical break point in a thermal overload characteristic between the
Equations (1) and (2) can be assumed to be twice full load current (2 Ipy). It
can be shown that a time current characteristic can be derived from the Equations
(1) and (2) taking the above assumption into account. Please refer to Appendix I

for the exact derivation of the following equations.

t = T.1nM - AB, for I <2 Ip (3)
M2 - AB
t o= T (b6 - 08) for T > 2 T (4)
M2



Equations (3) and (4) can be combined into a single relay time - current
characteristic which depends upon:
1. Multiples of relay setting current M

2. 1Initial temperature rise AD, above ambient

3. Allowable temperature rise AB above ambient

4, Motor thermal time constant T

For given values of A6, and AD, the relationship between current squared
(expressed as MZ) and time t is exponential below twice full load current, and
linear above that point. Figures 10 and 11 illustrate the overload characteristic
defined by Equations (3) and (4) for a T of 10 minutes with "hot" and "cold"
motor conditions. Through the use of the relay time constant "t'", the relay
characteristic could be closely matched to the actual thermal time constant of
the motor. The physical meaning of T is more clearly illustrated in Figure 3.

Two Stage Overload Protection. The continuous permissible ultimate tem-

perature depends on the kind of insulation used and is equal to the ambient
temperature, plus the machine temperature rise due to losses. When the con-
tinuous permissible value is exceeded for a short time, the insulation is
negligibly affected. This situation can usually be tolerated. Detection of
this condition can be used for alarm which allows time for taking corrective
action such as reducing the load. On the other hand, if the overtemperature
persists or reaches an excessive level, automatic tripping is necessary. It
follows that a two-stage overload protection system is desirable. One stage
is set to alarm while the second stage is set to trip. Such a scheme is shown

in Figure 4.



Locked rotor protection is applied for protecting large motors during start

up and acceleration. Figure 1 shows the starting current in a large induction
motor for an across the line full voltage start. The motor inrush contains an
initial transient followed by a large starting inrush of five to seven times
rated current. This level is maintained with only a gradual decrease until about
80 percent speed is reached. As the speed increases above 80 percent, the cur-—
rent drops rapidly to the rated value. The value of the starting current depends
upon the motor design and not upon the load. The combined inertia of the load
and the rotor and its speed-torque characteristic determines the length of time
it takes the motor to accelerate from standstill to rated speed.

The allowable locked rotor time determines the setting of a definite time
overcurrent relay that can protect the motor for this condition. Figure 5
shows a typical motor start and run characteristic protected by a definite time
overcurrent relay. The advantage of using a definite time relay is that the
timer runs whenever the pickup is exceeded. Thus, if the allowable locked rotor
time is known, the time delay can be set above that value with a safety margin.

If the load requires a starting time greater than the allowable locked
rotor time, it would not be possible to start the motor and still provide
locked rotor protection with a time overcurrent relay. The acceleration of such
motors is made possible with safety because of the increasing ventilation and
cooling of the machine as it accelerates. Thus, the safe period for the same
current levels is greater when the machine is accelerating than when it is at a
standstill. Additional protection other than overcurrent protection must be
provided for this special locked rotor case.

Short circuit protection can be divided into two areas, depending on the

method of grounding. Namely, these areas are phase and ground faults.



Phase Faults. The current that flows during low impedance phase faults in a

motor is determined mostly by the impedance of the supply system. This current
will usually exceed the locked rotor current. For phase faults under this con-
dition, it is customary to use instantaneous overcurrent relays. The pickup is
set such that the relay does not operate on the starting current. There should
be enough time delay such that the instantaneous relay does not operate on the
initial transient.

After the motor starts there is no need to have such a high setting on the
instantaneous protection. Instantaneous relays have been designed so that the
setting can be reduced using an external signal once the motor has started.

Ground fault protection is perhaps the simplest protection system used for

motors. Coordination with phase relaying is seldom needed, and the load current
may usually be ignored. In general, zero sequence current I, is derived by
sultable connection of CTs or by a single slipover CT. The pickup of the I,
relay is set above the possible CT error current during starting conditions to
avoid false tripping. A small time delay is usually incorporated.

If the system is solidly grounded or low impedance grounded, it might not
be necessary to use separate ground fault protection. However, for high impedance
grounded systems, separate ground fault protection is usually provided.

Protection Against Unbalanced Currents. Normal phase relays may not recog-

nize a phase failure or phase unbalance condition. The load current magnitude
may not rise significantly during such a condition. If the supply voltage be-
comes unbalanced, or if there is a break in one conductor, the motor is forced
to carry currents which contain components that oppose the normal rotating field.

Only a slight unbalance in the voltage can cause serious current unbalance. This
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unbalanced current appears as a negative sequence current. The motor is exposed
to increased phase currents (stator heating) and nearly double frequency eddy
currents in the rotor as mentioned previously. For this reason, it is generally
not enough to just measure the stator currents and temperature rise. The negative
sequence current must also be measured. Relays incorporating negative phase
sequence filters are applied for this purpose.

Differential relaying may be applied for large important motors. Such re~

laying is usually very fast and sensitive. pifferential relays are immune to

starting current inrush, and as such, provide excellent short circuit protection.

INTEGRATED MOTOR PROTECTION
New techniques with integrated circuits permit development of multi-function
protective devices, offering combined protection against all types df situations
which are to be expected. In the integrated relay package, a single relay can

fulfill the functions that previously required nine relays.

ITX 162/163 Relay

The ITX relay is a three phase motor protection relay which contains the
following functions:

1. Two stage overload protection with thermal memory

2. Time overcurrent 1ocked rotor protection

3. Instantaneous short circuit protection

4. Protection against unbalance (I9)

5. Ground fault protection

Please refer to Figure 6 for the functional block diagram. Figure 8 shows
the external comnections. The complete block diagram is shown in Figure 7. The
relay is housed in a drawout type case occupying panel space of 4" x 10%" with

rear terminal conmections. Considerable space 1is saved with this compact design.
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The overload function has two stages, one early warning alarm stage and one

trip stage. The thermal time constant (T) of the relay is selected to match the
thermal time constant of the motor. The overload function contains a thermal
memory which takes into account the thermal history of the machine (pre-heating
and cooling). The overload characteristics can be adjusted on the front panel
of the relay. The settings are in terms of percent temperature rise, AB(%),
based on the steady state rise for full load.

The time current characteristic for T = 10 minutes is illustrated in
Figures 10 and 11. The equations governing these curves can be found in Appen-
dix I, Equations (6) and (8). Netice that there is a discontinuity at two
multiples of relay setting current. Below two multiples (2ZM) of setting current
the characteristic is exponmential. Above 2M the characteristic is proportional
to current squared. These features assure a coordinated overload protection
function.

The locked rotor protection is a definite time overcurrent function with

adjustable time delay. The pickup is normally set at twice full load current;
however, other settings are available. This function is effective when locked
rotor protection with overcurrent relays may be successfully applied.

The short circuit protection consists of an overcurrent element with adjust-

able pickup and a 50 ms time delay to override initial starting transients. The
pickup range of the instantaneous protection may be changed to 507 of its setting
by an external signal. 1In installations where motor starting is infrequent and
the motor runs practically continuously, it is undesirable to use an instantaneous
setting at 7 to 10 times full load current to override starting current. If a
timer or speed indicator is available to indicate that the motor has started,

the reduced pickup setting may be activated to provide more sensitive short

circuit protection. The setting would be reduced 3 to 5 times full load current.
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Protection against unbalance is provided by a negative sequence overcurrent

relay with adjustable pickup. The phase currents are filtered to obtain the
negative sequence current. The filter output then passes through a level de-

tector and timer.

Ground fault protectiqn is provided by means of»an instantaneous zero se-
quence current relay. The zero sequence may be derived from the current trans-
former connection or by a separate slipover CT which surrounds all three con-
ductors. Refer to Figure 8.

Indication is provided by separate auxiliary relay contacts for each func-
tion or by light emitting diodes (LED's) activated by each separate function.
The output is channeled to a single auxiliary tripping relay. ‘A separate

contact is provided for the first stage overload alarm.

Power Supply. The auxiliary supply to the electronic circuits is obtained
from a reliable ac supply. If é battery is available, the relay can be supplied
with a separate power supply to convert the battery voltage to 24 volts dec re~-
quired for operation. Since there is a storage capacitor in the power supply,
brief interruptions (up to 200 ms) of the auxiliary supply do not affect the
relay. Failure of the auxiliary supply is monitored by a built in undervoltage
relay with output contacts for alarm purposes. When the undervoltage relay
operates, all functions are blocked. The integrator in the thermal memory
circuit is blocked when the auxiliary supply fails. This enables the values
stored at the moment the voltage failed to be retained for several minutes.

Appendix II illustrates an application of the ITX relay, to protect a

9000 horsepower motor.




CONCLUSION

The ITX relay is an integrated protection package which
provides reliable motor protection against the most
common hazards which may be encountered. The integrated
approach provides significant space savings while using
the most modern techniques. Although the package is
standardized, the relay can be tailored to suit the re-
quirements of almost any specific motor. To protect
against load induced failures, internal motor failures
and supply induced failures, the six function approach
is used. Thus, by providing two stage overload, short
circuit, locked rotor, phase unbalance, and ground
fault protection in one package, the ITX relay is a

step forward in motor protection technology.
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APPENDIX I

DERIVATION OF OVERLOAD CHARACTERISTICS

OF THE ITX 162/163 RELAY

In general, by the law of conservation of energy, over a given period of

the energy input to the motor in the form of losses equals the energy

dissipated plus the energy stored by a temperature rise of the mass.

Qi = Qe + Qa (1)

The losses in watts are equal to the heat energy per unit time with the

proper conversion factor. Therefore, it is more convenient to use dQ/dt.

By differentiation Equation (1) becomes:

dQi = dQe + dQa (2

dt dt dt

The heat energy input per unit time is assumed to be caused by losses

proportional to the square of the current,

rise

ture

here

OR

dQi = A 12 where A is a constant (3)
dt

The dissipated energy is removed at a rate proportional to the temperature
of the motor above ambient, A8

dQe = KAO where K is a constant related to the motor (4)
dt cooling mechanisms

Energy is stored in the motor at a rate proportional to the rate of tempera-
rise, dA8/dt and to the mass and specific heat of the motor parts, identified
as the constant C. Thus,

dQa = C dAb (5)
dt dt

From Equations (2), (3), (4) and (5):

ATZ = RAG + C die (6)
dt

ATZ = Ag 4 C ane (6a)

K K dt



For a constant current input, representing a steady overload, the steady

state temperature rise A, is reached at t = _ when dAS = 0.

THUS A8

dt
12

It

AB, + 0 (6b)

=

A8+ C dAB (7N
K dt

The solution to this first order linear differential equation is:

MG = M8, +C e -t/1T (8)

where T the thermal time constant of the motor.

1]
=l 8

At time t 0 the temperature rise of the motor above ambient is defined

as AB,. Thus, from Equation (8):

OR

A, = DO, + €1 OR Ci = A, - A8, (9)
Equation (8) becomes:

A0 e/t

Ko, + (88 = 08x) e

X A8y + (Mg - 88,) (1 - e /Ty (10)

i

This function is shown graphically in Figure 4.
Solving Equation (10) for t,

t = T 1ln Af, - A8, (1)
MO, — AB



According to Equation (6b) A8, is proportional to 12. It is convenient to
use multiples of relay pickup current when discussing time -~ current character-
istics. Thus, by definition M = I/IE. The ratio 1/Ig is the relay current
divided by thé:setting. Therefore:

A8 « M2 (12)
by calibrating the relay in terms of percent temperature rise A8%, based upon
the steady state temperatufe'rise at full load current, Equation (11) becomes:

t = T.60.1n M2 - A8, (%) . 10-2 (13)

M2 - pp (%) . 1072

where t is in seconds

and T is in minutes.

From Equation (13) the time to trip or alarm may be determincd in terms of
the temperature rise A8. This equation is genérally applicable for the lower
range of overload currents where the long time duration permits:heat dissipation
to be effective. For higher overload currents, the heating‘proceés is assumed
to be adiabatic because of the rapid temperature rise.

From experience, the discontinuity in the characteristic is made at twice
the relay setting. Thus, for I i_ZiE, Equation (13) holds. For z~21E,kthe

adiabatic condition is assumed, thus from Equation (4):

In other words, no heat is removed by cooling. Equation (6) for this

condition becomes:

A 12 = ¢ ane
dt



And for a constant overload current, the solution is:

A = AB, t + A@O
T

OR t T. 60 . (A8(%) - 2, (%) . 1072 (14)

)2

This is a linear function of current squared vs time. TFigures 10 and 11
show the relay curves for two initial values of temperature rise, Af, =

100% and A8y = 0%.




Qi =
Qe =
Qa =

AG =

7Bes (%)

ABo (%)

DEFINITION OF TERMS

heat input to the motor

heat removed by cooling processes
heat stored by the motor

Mass in kg

Specific heat of the material in kW x min
kg o¢

mc

A constant representing the motor's ability to -
accumulate heat due to copper losses

Temperature rise °C above ambient

Motor cooling constant in kW = Py

°c A8

[ee]

Thermal time constant of the motor, i.e., the time
in minutes the motor takes to reach 637% of the
temperature rise to its new steady state rise (AB.)
starting from the sustained initial value A@O,

= Ultimate temperature rise 1in percent, based on
steady state rise at full load.

it

Initial temperature rise in percent, based on
steady state rise at full load.

Power losses in the motor IZR

Multiples of relay pickup current

Set current




APPENDIX 1T

SETTING CALCULATIONS

We present below the considerations taken into account and the calculations
performed in order to optimaly set the ITX 163-2 relay for the selecﬁive protec~
tion of a 9000 horsepower motor.

A -~ Motor Characteristics

B - Relay Data

C - Setting Calculations

A. Motor Charaéﬁériétiés
Rated voltage: o 13200 V + 107
Rated frequency: | | | 60 Hz i 5%
Rated current, IN (motor) : 343 A
Maximum operating current: 0.98 XvIN(motor)
Maximpm‘starting cqrygnt: S : ‘ ’ 6.5 X‘IN(motorY
Maximum starting time: Co N © .12 'seconds
Maximum admissible continuous current: 1.08 x IN(motor)
Maximum ground fault current: T ‘ 200 A“(priﬁéry)yl

~B. Relay Data
Rated currgnt,’IN (re;ay): N . ‘5 A

C.T. ratio: . 600/5 A




Setting Calculations

Determination of the set current (for phases A and B) and motor matching
factor k.

Iy(relay): 5 A
The set current on the relay must correspond to the rated current of the
motor. The adaptation of the two is accomplished via an adjustment factor

k which is defined as follows:

Ig = k. Iy Where I; is the current value to which the relay
is actually set and which should be close as
possible to the motor rated current value.
From the motor characteristics and the above C.T. ratio, we see that the

optimal setting of k for phases A and B is

k =AEE = 343 .1 = 0.57

Iy 600/5 5

Chosen value would be k = 0.6

The deviation from the ideal match is small and must be taken into account
only for the setting of the overload’unit.

Thus IE = 0.6 x 5=3A

The set current in primary amperes is:

Tp x 600 = 3 x 600 = 360 A

5 5
The correction factor for perfect matching of relay and motor is:
ke = 1 = 343 = 0.95

360
prim

nr’z



Short-circuit protection setting of ItRb

The rule-of-thumb for setting the short circuit current level is approx-~
imately 30 percent above the maximum motor starting current.

I

o0 1.3 x I, (starting current)

i

1.3 x 6.5 x Iy (motor)
The rated motor current is related to the relay set current IE via the

correction factor defined above k. = 0.95. Thus,

Ltxo = 1.3 x 6.5 x 0.95 x I
= 8 x IE 8 is the value to be set on the
potentiometer
OR

i

8 x 3 = 24 A (secondary)

Locked Rotor Protection (setting of t1 start)

This protection which uses current as its only criteria is not suitable for

the cases where the maximum admissible blocked rotor time (tE) is less than

the maximum rotor starting time (tA). If however tp > tas then tl‘starf

should be set to approximately 20 percent above the maximum motor étarting
time, t,, thus permitting correctly timed tripping in the case of blocked

rotor.

'1 start = 1.2 x ty = 15 seconds



Overload protection

By definition, the ultimate temperature rise for a given current is given by:

Mo (%) = (1T Y2 x 100

CIg)
whereas the temperature rise is given as a percentage of that occurring when
relay set current flows in the thermal veplica. As a rule-of-thumb, the
tripping stage of the overload protection (A9,) should be set approximately
10 percent above AB_p, that is, the temperature rise resulting when maximum

admissible continuous current flows in the thermal replica.

]

A8, 1.1 % A8y max.

2

]

1.1 % Tpay. th.

Ig

x 100

1.1 x 1.08 x Ip x k. 2 x 100

Iy

i

1.1 x (1.08 x 0.95)% x 100 = 116Y%

As rule-of~thumb, the alarm stage of the overload protection should be set
approximately to the mean value between A8,B which is the steady-state tem~
perature rise at motor operating current, and A8, calculated previously.
A8, = A8, p + AD,

2

B x 100 + 116%




_ — 2
29, = | Igy x 100 + 116%
Ty
2
A0, = (.98 x .95)% x 100 + 1167 = 101%

2

Protection Against Unbalanced Currents

Setting of 12 (in % of IE)

The protection against asymmetrical currents built into the relay is
mainly designed as a protection against unacceptable temperature rises
in the rotor circuit. The negative sequence component of the phase
currents is measured.

The normal setting is:

Iy = (0.3 to 0.4) x T,

This setting may vary; however, for different applications, and for this
reason, a setting range of 0.25 to 0.5 x IE is available.
This assures tripping in case of an open phase, line breakage or inverted

phase sequence.

In order to prevent unselective tripping, a built-in time delay is supplied

with a normal set value of 4 seconds. Other time delays are availble

(1, 2, 3 sec.) should the application warrant it.

le = 4 seconds



Ground Fault Protection

Since the ground currents are detected with a separate measuring circuit with
its own current input and its own setting selector switch, the sensitivity
can be selected in a wide range (0.06 - 4.8 A).

The setting is mainly determined by:

- the measuring method (neutral current measurement -
summation current of three C.T.'s or separate slipover C.T.).

- transformation ratio of the transformer(s) relative to
the maximum possible current value in case of unipolar
ground fault.

- ground capacitances of the system.

In the case where 3 current transformers are used, that is two phase measure-

ments and one zero sequence measurement, the setting of I, would be 0.2 - 0.4
% Ip with the same k setting for the phases.

Io = 0.2 x Ig and k = 0.6

With these settings, the relay sensitivity in amperes would be:

600 x 0.2 x 0.6 x 5 = 72 A (primary)
5

which represents 367 of the maximum ground fault current (primary). If in-
stead of the above connection scheme a separate summation current transformer
is used for the zero sequence measuring circuit, then other settings can be
used which afford greater sensitivity:

Io = 0.2 x Iy and k = 0.3

which yields

600 x 0.2 x 0.3 x 5 = 36 A
5

which represents 18% of the maximum ground fault current (primary). This is,

of course, a greater sensitivity than in the previous case.
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FIG. 2 - SPEED-TORQUE CURVES FOR AN INDUCTION MOTOR
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FIG.3- STATOR TEMPERATURE RISE DUE TO OVERLOAD
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FIG. 4- TWO STAGE OVERLOAD PROTECTION
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FIG. 5 - LOCKED ROTOR PROTECTION
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FIG. 6 -

ITX 162

BLOCK DIAGRAM
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FIG.7- BLOCK DIAGRAM OF RELAY ITX 163-2
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FIG.8 - ITX 163 CONNECTION DIAGRAM




FIG. 9 -
TYPICAL STATOR TEMPERATURE RISE DURING THE
START-UP AND COOLING PERIODS
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FIG. 10 -

ITX RELAY CHARACTERISTIC Y =10 min.
(HOT CONDITION) Ao =100 %
1000 \\

) \
t (s)

RN

//

\\

N
.

\\
N

10 \m
200
5 \\ 160
n
0 | 2 3 4 5 6 7 8

MULTIPLE OF PICK-UP CURRENT



FIG. 11 -

ITX RELAY CHARACTERISTIC T
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NEW CONCEPTS IN GROUND RELAYING FOR TRANSMISSION LINES
BY
L. E. GOFF W. C. NEW J. B. WILLIAMS

INTRODUCTION

Since the single-phase-to-ground fault is the most common type of fault that occurs on trans-
mission lines it is natural that relay engineers, both in the utility and manufacturing area, have
devoted a great deal of attention to ground relay designs and ground relaying schemes. [t is the
intent of this paper to review a number of problem areas encountered in ground relaying, to
discuss how these problems affect the application and performance of various types of ground
relays, and finally to describe two unique concepts in ground relay design.

PROBLEM AREAS

Before describing any new relay designs, let us first define some of the problem areas that
have existed with previously available ground relaying schemes:

1. Variations in system configuration—By definition these variations involve changes in
connected generation, addition or removal of tie lines, and addition or removal of ground
sources. The magnitude of fault current will, of course, vary as generation and ties are changed,
and the ratio of zero sequence current to positive sequence current (Ig/I1) over the protected
line will change as ground sources are added or removed. The example in Figure 1 illustrates
the effect of removal of a ground source. The example represents a single-phase-to-ground
fault at one end of a 65 mile line in a typical 345 KV system. The zero sequence fault current
in the fault and at the relay location R are calculated for two assumed conditions: (a) all systems
in service, and (b) with the autotransformer at bus B removed. In this example although the total
Ip at the fault decreased with the transformer out, Ig at the relay location increased by about
25 percent.

2. Mutual Induction—When two or more lines are in parallel on the same right-of-way,
fault current in one line may induce voltages in the parallel line or lines. A typical configura-
tion of 345 KV lines on a double-circuit tower, demonstrating extremely close coupling, is
shown in Figure 2, together with the self and mutual impedances for a set of assumed conditions.

Note that the zero sequence mutual impedance is about two-thirds of the zero sequence gﬁ
impedance. By contrast the positive and negative sequence mutual impedances are on the order
of one-twelfth of the self impedances. Consequently, the positive and negative sequence mutual
impedances can usually be ignored in relay applications. The zero sequence mutual impedance
on the other hand is significant and usually must be considered. its effect on directional over-
current and distance relays is discussed later.

3. Ground fault resistance — The magnitude of resistance or impedance encountered during
a phase-to-ground fault is frequently much larger than that found on interphase faults. An in-
terphase fault usually strikes from phase-to-phase via an electric arc of the shortest path. A
line-to-ground fault, on the other hand, may be initiated by a flashover of a single insulator
string to a steel tower, but from that point on the total ground fault impedance will be in-
fluenced by such parameters as the impedance of the shield wires, the tower footing resistance
and the resistivity of the earth return path between the fault location and the ground current
source.




The highest values of ground fault resistance are usually encountered during mid-span faulits
caused by trees growing under the lines or by brush fires which occur under the lines. Such
fault resistances are highly variable in magnitude and are usually much higher than the re-
sistances introduced by flashover faults at the towers.

4, Unreliable polarizing source~When ground relays require a negative or zero sequence
polarizing guantity, the reliability of the polarizing source must be considered. For example,
zero sequence potential polarization is better suited for use when the relay is remote from a
ground source; zero sequence current polarization would be lost if the transformer bank used
as a source were removed from service; and current polarization from a CT in the neutral of an
autotransformer must be considered suspect. Polarization is discussed in a later section of this
paper and is covered in detail in reference 2.

PERFORMANCE OF AVAILABLE RELAYS

Now that several possible problem areas have been defined, we will next consider how these
problems affect the various types of relays that have been used for ground fault protection of
transmission lines.

1. Non-directional Overcurrent Relays—Although they are the least complex of the relays to
be considered here, non-directional overcurrent relays are most affected by many of the problem
areas previously cited and hence are difficuit to apply. They are for example most affected by
variations in available fault current resulting from changes in system configuration. A direct
trip instantanecus ground overcurrent relay must be set so that it will not operate for faults
beyond its prescribed zone of protection under conditions of maximum generation or the
highest level of zero sequence fault current that is anticipated. Thus, with lower |evels of
fault current contribution, its zone of protection will be greatly reduced.

The example in Figure 1 is typical of the problems that may be encountered in the application
of instantaneous ground overcurrent relays. in this example a ground overcurrent relay at
breaker A, set to reach 80 percent of line A-B with all systems in service, would overreach bus
B with the autotransformer at bus B out of service.

These relays may also be adversely affected by zero sequence mutual coupling with a parallel
fine. For example, in Figure 4 if system conditions are such that the zero sequence current flow
in line 2 is opposite to that in line 1 for an internal fault near breaker Y, the magnitude of zero
sequence current in line 1 will be higher than would otherwise by expected and hence an in-
stantaneous ground overcurrent relay at X will tend to overreach.

The performance of these relays will also be affected by the magnitude of ground fault
resistance since the presence of such resistance will reduce the amount of ground fault current
that can flow. ' ‘

2. Directional overcurrent relays —The overcurrent units in directional cvercurrent relays are
affected by variations in available fault current, by zero sequence mutual coupling with a parallel
line, and by the presence of ground fault resistance to essentially the same degree as the non-
directional overcurrent relays discussed above. They do enjoy one advantage, however, since
they need only be selective for faults in the tripping direction of the supervising directional unit.




(a) Zero sequence directional unit reversal —The classical configuration that can result in
undesired operation of relays on a parallel line is that of closely coupled lines that terminate in

electrically isolated zero sequence systems, such as lines of different voitage levels. A typical
example of this is shown in Figure 3. With a single-line-to-ground fault at Bus B, zero se-
quence current will flow along the line from A to B. Because of the mutual coupling, the
zero sequence current in line 1 tends to produce a zero sequence voltage in line 2, which in
turn causes a zero sequence current to flow.

With a zerc sequence current source at both busses C and D, the direction of zero sequence
current flow in each ground source and across line 2 will be as shown in Figure 3. For zero
sequence current polarized directional relays, this represents a tripping condition at both ends
of line 2. 1f the mutual coupling results in enough current to operate the zero sequence over-
current units, as well as the directional units, an undesired trip will occur.

ft must be emphasized that undesired tripping caused by zero sequence mutual coupling is
not restricted to parallel totally isolated systems. Undesired tripping can occur whenever the
mutual coupling causes zero sequence current flow in a parallel line that is sufficient to operate
the zero sequence polarized directional unit and the associated overcurrent unit. Nor is it re-
stricted to current polarized directional units. When zero sequence potential polarization is
used, the relation between the zero sequence voltage and the zero sequence current flow in
the line resulting from mutual coupling also is such that a tripping condition will occur.

The experience of one utility with this problem area is discussed in Reference 1. It was de-
termined that for some combinations of fault location and system configuration the majority
of lines checked could experience undesired tripping by pilot schemes using zero sequence
directional overcurrent relays.

{b) Choice of polarizing quantity- An important consideration in the application of zero
sequence polarized directional relays is the source of polarization. Since zero sequence poten-
tial is a maximum at the fault location and very low near a strong zero sequence source, po-
tential polarization of a zero sequence directional relay is only appropriate when the relay is
remote from a ground source. On the other hand, current polarization from a CT in the
neutral of a wye-delta transformer bank is a dependable means of polarization when the wye
connection is on the system side of the bank, but would of course be lost if the bank is re-
moved from service. Consequently, most relays of this type now employ dual polarization
which provides better assurance that adequate polarization will be present for all expected
system conditions.

If current polarization is obtained from a CT in the neutral lead of an autotransformer the
application must be carefully considered to be sure the direction of polarizing current flow
will be correct. This condition, as well as other considerations with zerc sequence polariza-
tion, is covered in detail in references 2 and 3.

Although there are as noted some situations unfavorable to the application of zero se-
quence directional relays, there are a great number of cases where they can be successfully
applied. Because of their relatively low cost and simplicity, they remain today a popular form
of ground relaying. However, the present trends in transmission systems, especially in the
EHV area, are resuiting in many instances where zero sequence directional relays are not ap-
plicable.



{c} Negative sequence polarized relays—Negative sequence directional overcurrent relays
are much less subject to undesired operations from mutual coupling with parallel lines than are
zero sequence relays. This is because, as previously noted, the negative sequence coupling co-
efficient is so much smaller that the effect is negligible. In the past, however, the use of nega-
tive sequence overcurrent relays has had its own problems, one of which has been the sensi-
tivety of electromechanical relays. A negative sequence relay responds to negative sequence
voltage (\/2 ) and current (Io), whereas the quantities fed into a zero sequence relay are three
times the sequence quantities, that is 3V and 3lp. Consequently, the available energy level
at a given location tends to be lower for the negative sequence relay and situations may be
encountered where electromechanical relays will not be sensitive enough.

With available static technology it is possible to design negative sequence directional relays
that are extremely sensitive. However, as their sensitivity increases, so does the possibility of
misoperation from such conditions as three-phase faults on untransposed lines or negative se-
guence mutual between parallel lines.

A recent innovation in static negative sequence relay design makes possible a relay with ade-
guate sensitivity that still provides excellent security. This design pricicple is described in a
later section under the heading 'Recent Developments in Ground Relay Design'.

3. Ground Distance Relays—A ground distance relay is relatively unaffected by the amount
of current available at the time of the fault. A first zone relay is usually set for about 80%
of the protected line and this zone of protection will be practically constant under widely
varying system conditions. When ground distance relays are used in overreaching functions,
such as pilot protection or second zone backup, their reach will be affected by current infeeds
at intervening busses. This is a well known problem which must be considered in the application
of all distance relays as described in Reference 5.

Ground distance relays are frequently provided with a means of zero sequence current com-
pensation for the protected line as described in Reference 6. This is done so that the relay mea-
sures only the positive sequence impedance of the line to the fault. The accuracy of the ground
distance relay measurement will depend upon how closely this compensation reflects the ratio
of the positive to zero sequence impedance of the protected line section both in magnitude and
in phase angle.

Depending on system conditions in the vicinity of the relay location, the presence of
mutual induction can cause ground distance relays to either overreach or underreach. A
typical system involving mutually coupled lines is shown in Figure 4. Two conditions can be
cited in which mutual induction between lines 1T and 2 will cause the relay at breaker X to
overreach:

Case 1 - Tie breaker Z open, a single-phase -to-ground fault at bus B, and a relatively large per-
centage of line 1 zero sequence fault current flowing in line 2 in the reverse direction,
ji.e., fromT1toS.

Case 2 - Breakers S and T open, a single-phase-to-ground fault at bus B, and all three phase con-
ductors of line 2 grounded at both ends of the line as with maintenance grounding
chains hung on breakers S and T.



Either of these two conditions tends to increase the magnitude of zero sequence current that
will flow in line 1 over the value that would otherwise be expected. The increased current may
cause a ground distance relay at breaker X to overreach. This is of concern in the application of
first zone ground distance relays to prevent a relay misoperation under these conditions. The
conditions of Case 1 and Case 2 are calculated in the appendix to determine the percent over-
reach expected and what modification of the relay setting is needed to prevent a misoperation.
Case 2 may represent the most severe overreaching condition which a utility may encounter in
ground distance relay applications. If this situation exists, distance relay settings will need modi-
fication.

Zero sequence mutual induction can also cause ground distance relays to underreach when
the currents in the parallel line and the protected line are in phase. In Case 3 in the appendix
the underreach for these conditions has been calculated. The important consideration here is
to be certain that an overreaching ground distance relay being used in a pilot relaying scheme
will operate for a fault at the next bus with an adequate margin. The results of Case 3 show
that the breaker X relay set for 175% of the line impedance would effectively reach to 130%
of the line impedance with the effect of mutual induction included. Thus the application is
satisfactory. ‘

it is theoretically possible to compensate a ground distance relay so that the effect of zero
sequence mutual on its reach will be minimal. This is accomplished by injecting a percentage
of the zero sequence current from the parallel line into the relay to offset the increase or de-
crease in the zero sequence voltage induced in the protected line. However, mutual compen-
sation may be impossible or undesirable for one of the following reasons:

{a) Where lines run parallel for a portion of their total length, but do not terminate at the
same substation at one or both ends, it of course is not possible to obtain a portion of
the zero sequence current from the parallel line.

(b) In what is probably the most severe condition of zero sequence mutual coupling, the case
where the parallel line is open and grounded at both ends, it again is not possible to ob-
tain a zero sequence current from the parallel line for use in the compensation circuit
since the grounding point is usually beyond the CT location.

{¢) The use of mutual induction compensation with a directional ground distance unit is
likely to cause a misoperation. This can occur on a close-in fault on the parallel line
behind the relay location where, if mutual compensation were used, it could overpower
the normal directional function of the unit and cause it to operate incorrectly. For this
reason mutual compensation is seldom used on directional ground distance units (see
Reference 7).

The effect of ground fault resistance must also be considered in the application of ground
distance relays. A ground distance relay which uses quadrature polarizing voltage has a
capability of detecting ground faults with considerable fault resistance. The response of the
relay can be predicted by its "'variable mho'' characteristic. The quadrature voltage is used in-
stead of line to neutral voltage because it provides a reliable polarizing voltage even under the ex-
treme of a near-zero -voltage single-phase-to-ground fault.

The relay characteristic thus produced is called a "'variable mho'', which is a function of the
relay reach and the effective source impedance behind the relay. This characteristic is shown
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in the R-X diagram of Figure 5. The MTG mho circle is the representation of the overreaching
mho characteristic as it is usually shown. The ACTUAL MTG characteristic is the 'variable mho"'
characteristic produced in this case. The relay is still completely directional. That part of the
relay characteristic which falls below the R axis of the R-X diagram still applies to faults on the
line in the forward or tripping direction for the relay. The fault impedance in this area now has

a capacitive reactance component.

To illustrate the development of the ''variable mho'' characteristic, a static relay is used as an
example. Assume the situation of Figure 6. This is phase A of a system with a single-phase-to-
ground fault with ground fault resistance RF. Also assumed are radial feed and zero load flow.
The static ground distance relay is located at Bus A. It is supplied with quadrature polarizing
voltage Vg which is phase shifted 90 degrees so that it is in phase with EaAN, the generated
voitage behind the source impedance Z,. During the fault, the voltage Eapn can be represented

as follows: 3
EAN =1Zg +1Z¢ +1Rg

where: IZp +IRg =V p, the relay restraint voltage.
Therefore: EaN =IZg+ VAN which is in phase with Vg / 90”.

Figure 7 shows a simplified block diagram of the Phase A distance unit showing the
voltage phasors, VBC Z_QQ_:’ and IZR—VAN, which are compared via the AND and the 90°
TIMER to produce the circular characteristic. The voltage phasor diagram is shown in Figure
8. Since Vg /90 is in phase with E 5, the 90 degree coincidence of E 4\ with the
vector 1Zp "VAN' operating voltage minus restraint voltage, will define the circular char-
acteristic with a diameter of the vector sum of IZg and [Zgp. This is the variable mho
characteristic previously described. The characteristic is variable depending upon the magni-
tude of the system source impedance ZS behind the relay.

The three characteristics in Figure 9 represent the ''variable mho'' characteristic of three dif-
ferent source conditions. The characteristic labeled AA is for a large source impedance, AB is
for a smaller source impedance, and MTG is for the theoretical condition of Zero source im-
pedance.

The variable mho characteristic we have discussed here is a steady state characteristic, not
a transient one. This is so because the polarizing voltage VBC will remain at normal level
during a phase-A-to ground fault with or without the use of memory action. This concept is
not new to ground distance relays but it has not been previously discussed in detail. The
variable mho characteristic obviously provides positive relay operation for a much higher
level of ground fault resistance than would be evident from considering the usual mho unit
plot of the relay characteristic. However, the ground fault resistance accomodation or
tolerance is not unlimited. In fact, mid-span to ground faults are still quite likely to produce
such a high level of ground fault resistance that even these relays may not operate.

Although ground distance relays of conventional design are relatively immune to many of
the pitfalls of directional overcurrent relays used for ground protection, they do have some
pitfalls of their own which sometimes limit their application. One limitation is encountered
when an excessive reach setting is used on a ground distance mho unit. This may cause in-
correct tripping by a relay on an unfaulted phase for faults in the reverse direction, either



single-phase-to ground or double-phase-to-ground.

The system conditions most likely to cause a mho ground distance unit to operate incor-
rectly on an external single-phase-to-ground fault in back of the refay location are shown in
Figure 10. Bus B is a high impedance {low current) positive sequence source and a low im-
pedance (high current) zero sequence source. Bus A, on the otherhand, has exactly the op-
posite characteristics, low impedance positive sequence source and high impedance zero sequence
source. The R-X diagram of Figure 11 shows an approximation of the impedance areas seen by the
phase B and phase C relays for a phase-A-to-ground fault in back of the relay, with a typical
MTG reach setting. It is apparent that if the MTG reach is set too great, the phase C relay would
be likely to operate for this extrernal fault condition. Therefore, it was necessary to determine
the maximum permissible reach setting of the ground mho units to avoid a possible misopera-
tion for this condition.

Ground distance relays of conventional design will also overreach on double-phase-to-ground
faults where significant ground fault resistance is present. The analysis of these conditions is
quite complex. However, in general, for a phase B-C-ground fault the leading phase B relay will
overreach and the lagging phase C relay will underreach. These conditions are of particular con-
cern in the application of first zone ground distance relays. The operation of the leading phase
relay may have to be restricted for such cases.

RECENT DEVELOPMENTS IN GROUND RELAY DESIGN

In the previous sections we have reviewed many of the problem areas encountered in ground
relaying of transmission lines, and how these problem areas have affected the performance of
various types of ground relays. The following paragraphs will describe two recent innovations in
ground relaying.

A NEGATIVE SEQUENCE DIRECTIONAL OVERCURRENT RELAY

A recent innovation in static relay design makes possible a negative sequence directional
overcurrent relay with adequate sensitivity and excellent security. The negative sequence
polarizing voltage, V2, has added to it an adjustable compensating quantity, KI»Z, which is
typically equivalent to about 25 percent of the protected line. The resulting polarizing quan-
tity (Vo + KlpZ) is considerably larger than V2'at the relay location for faults at the remote
end of a long line, and assures dependable polarization, even in the presence of a strong source
behind the relay resulting in a very small V2. This is shown in Figure 12.

In addition the overcurrent trip supervision unit, while primarily responsive to negative se-
quence current, has a restraint proportional to positive sequence current. That is, the unit re-
sponds to (I - KIq) where K has an adjustment range of 0.1 to 0.3. This positive sequence re-
straint feature prevents undesired tripping caused by negative sequence current resulting from
load flow over untransposed lines, CT saturation effects or unsymmetrical gap flashing on series-
compensated lines.

The excellent sensitivity of this negative sequence directional overcurrent relay scheme pro-
vides for the detection of very high resistance ground faults. The greatest sensitivity is realized
on a radial feed system where the relay can detect fault resistances of approximately 600 ohms
primary when it is possible to use the maximum sensitivity in making the unit pickup settings.



For a typical system condition with double-end feed capability figures are 350 ochms primary for
no load flow and 175 ohms primary for a load flow of 3 amperes. This assumes that one line
terminal or the other will see the fault.

Ground fault resistance capability of this magnitude will certainly provide relay protection
against many mid-span to ground faults that have in the past been very troublesome to clear.
The features and operating principles of this static negative sequence directional overcurrent
relay are covered in detail in Reference 4.

A NEW GROUND DISTANCE RELAY

A new static ground distance relay has been developed to overcome the shortcomings of the
relays of conventional design while retaining the good features of these relays, such as the
variable mho characteristic. The use of a four input phase angle comparer produces a reiay
which performs like a quadrature polarized ground distance relay for internal single-phase-to-
ground faults. On the other hand, it is much less likely to operate incorrectly for those condi-
tions where operation is not desirable as was discussed at length in an earlier section. The com-
ponent relay is designated SLYGB81 and an equivalent relay designated SLYG81 is available for
static relaying equipments. A photograph of the type SLY (81 is shown in Figure 13,

The complete relay consists of three separate ground distance measuring units, each with its
own four input phase angie comparer and 90 degree characteristic timer. The comparer is simply
a four input AND logic which provides an output only when all four inputs are coincident,
either on the positive half cycle or on the negative half cycle. The sine wave diagram of
Figure 14 shows the conditions where all four comparer inputs are coincident for just 90 degrees.
This indicates an impedance just at the balance point on the circular mho characteristic.

Using phase A as an example, the four inputs to the phase angle comparer are as follows:

(1) The operating quantity, {IZ-V), in detail is (Ipo~Ip)Zr1 + KolgZro =TV AN

{2) Polarizing voltage No. 1, VBC 190" . the quadrature voltage shifted 90 degrees 50 as 1o be
in phase with the prefault voltage VAN.

(3) Polarizing voltage No. 2, CKglgZrn—Vq. a current compensated zero sequence polarizing
voitage.

{4) Zero sequence current supervision, IgZgrg-

where: ZR1 and ZRg are relay replica impedances for positive and zero sequence respectively

T is a tap setting adjustment
Ko is a zero sequence ratio adjustment
C is a design constant

A block diagram is shown in Figure 15.

The operating quantity input is designed to match the positive and zero sequence impedance
of the line both in magnitude and phase angle. A memeory filter is used in the No. 1 polarizing
circuit to delay any change in this voltage for a few cycles after the inception of the fault. The
operating circuit contains a bypass filter which consists of a bandpass filter plus circuitry to



partially bypass the filter section for operating signals of high magnitude. This bypass
filter is a key element in obtaining high speed operation on close-in internal faults plus
security against transient effects on external faults.

The inputs (1) and (2) to the comparer are basically the same as the inputs for a quadrature
polarized ground distance relay of conventional design. Therefore, the new relay also has the
variable mho characteristic described earlier. When inputs (3) and (4) are added they provide
the function of a zero sequence directional relay. A combination of the four inputs also pro-
vides the equivalent of a faulted phase selector. These added functions make the relay secure
against the undesirable operations discussed earlier.

For example, with an external single-phase-te-ground fault behind the relay, comparer inputs
(3) and {4) will be out of phase with each other by approximately 180 degrees. Thus, the in-
correct operation of unfaulted phase units on an external single-phase -to-ground fault is prevented
by the lack of coincidence between comparer inputs {3) and (4}.

The phasor diagram for an internal phase-A-to-Ground fault is shown in Figure i6. The four
voltage phasors being supplied to the phase A comparer are all well within the 90 degree coin-
cidence required for relay operation. The unfaulted phases, B and C, however, have their quad-
rature polarizing voltages, VCA / 90° and VAB / 90° respectively, nearly 120 degrees out
of phase with the number two polarizing voltage KglgZrg—Vg. This lack of coincidence pre-
vents operation of either the phase B or the phase C unit on an internal phase-A-to-ground fault.

The four input comparer is also responsible for the elimination of the overreach of the leading
phase unit during a double-phase-to-ground fault with high ground fault resistance. Just at the
relay characteristic balance point the comparer 1Z voltage minus the VLN voltage will be zero
if there is zero fault resistance. With fault resistance present the voitage is —3IgRF. The
angular relationship in the leading phase unit comparer of this fault resistance voltage and the
current supervision phasor IgZgp, input (4), is greater than 90 degrees thus precluding an
output from the leading phase comparer and its 90 degree coincidence timer. Thus the over-
reach is eliminated.

The significance of the four input comparer and the foregoing analysis of the operation of
the relay is that it is very secure against false operations. Thus the complex caiculations that
were necessary in the application of previously available ground distance relays are no longer
required.

CONCLUSIONS

Applications of ground relaying for transmission line protection have been quite successful
for some time utilizing existing conventional relays and schemes. The various problems dis-
cussed in this paper have been encountered in the field and in most cases satisfactory settings
and solutions have been obtained. It is quite likely that many future applications of ground
relaying will be satisfactorily made in the same way.

Improved protection has now been made available with a new scheme for ground relaying
using negative sequence quantities. This involves a negative sequence directional unit and a
negative sequence overcurrent unit which are particularly applicable to faults where a very high
level of ground fault resistance can be encountered. This scheme is adequate for many mid-span



to ground faults caused by trees or brush fires. [t provides protection that has heretofore not
been available for these particular faults.

Another improvement in protection has been made available in a new ground distance re-
lay. It features a four-input phase angle comparer which provides greatly improved security
against overreaching and false tripping on certain faults. Complex calculations of system condi-
tions are no longer required to verify the application. The new relay also retains the fault re-
sistance capability of the conventional quadrature polarized ground distance relay with its
variable mho characteristic.
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APPENDIX I

Change in Reach of Ground Distance Relays Caused by Mutual induction.

Depending on system conditions, the presence of mutual induction between two parallel
lines can cause a ground distance relay to either overreach or underreach. Three cases re-
presenting different conditions are described below.

Case 1: Zero sequence current in a parallel line flowing in a direction opposite to that in the
protected line.

The condition to be considered for Case 1 is represented in Figure I -A. The apparent im-
pedance seen by the ground distance relay is defined by the phase to neutral voltage at the
relay location divided by a current. Consequently, any change in the voltage resulting from
the mutual inductance, assuming no corresponding change in current, wili cause the relay
reach to change. For the situation in Figure I-A, line to neutral voltage on the faulted phase
at location X can be expressed as follows :

Vi =112y +1pZp + IgZg - 15 ZoMm . , (I-1)

Adding and subtracting IO Z1, and substituting Z4 for Z5, yields the following:

Vi =I1Z1+1p2Z¢ +1p 2y "'IQZ} +1p Zg-1n Zom- (1-2)

V= +Ix+1g) 29 +1g (Zg-21) -1 Zom (I-3)

Vi =1L 24 +IO(ZO"‘21)"I(')ZOM (14)

The percent change in reach, in this case overreach, when mutual compensation is not em-
ployed can then be represented by the following:

Iy 2y +1p{Zg-21)
% overreach = X 100

11 Z1 +1p(Zg-2Z1) -1nZom

(I-5)

Assume the following system conditions as a most severe case and refer to Figure I-1 for
system configuration:

1. Line constants of the double-circuit 345 KV tower shown in Figure 2 are:
Z1=2%=.061+j.588 ohms/mile
Zp= Zb =.549 +j 1.964 ohms/mile

Zow = -489 +j 1.3 ohms /mile



2. Line S-T parallels tine X-Y for 100 percent of line length.

3. Source A contributes 50% of 10 in line X-Y, and source C contrubutes the other 50%

over line T-S,

4. The ratio of zero sequence current to total line current is 1:3.

For these conditions:

Igp=1L .
== (1-6)

lo=1 (1-7)
6

Substituting these current values and the impedance values into equation ([-5) yields an
overreach of approximately 25 percent. That is a relay set to reach 88 percent of the im-
pedance of the protected line will now reach 85 percent of the line.

Case 2: Grounded parallel line.

The conditions to be considered in Case 2 are as follows:
1. Line 5-T is out of service with three-phase grounding chains at both ands.
2. Theratioc of zero sequence current in the line to total line current is 1:3.

3. Impedances are the same as in Case 1.

The phase to neutral voltage on the faulted phase at breaker X is ;

/22

{ YR (1-8)
Vi =IZ +IglZg—2y) —| — | 1o

\ %0

The percent overreach is determined by the following equation:

L4WZ +iptZ2g—2Z7)

22
M

25

% overreach = —1; X100 ({19

VI]ZL'FIQ ‘ZO"—Z}“‘

Substituting the current and impedance values into equation (1-9) yields an overreach of

approximately 38%.

Thus, a zone-1 ground distance relay, normally set for 80 percent of the protected line,
would have to be set for 58 percent of the line in order tc maintain the same margin.



Case 3: Zero sequence current in a parallel line flowing in the same direction as that in the
protected line.

The condition for Case 3 would be represented by the system in Figure 4 of the main
text with all breakers closed, and with an external fault to the right of bus B. For this condi-
tion I 0= Ib , and assume that IO = %L_ The phase to neutral voltage on the faulted

phase at location X is:

V=1L 21 +1g (Z9—2Z1) + T 2y | (1-10)

The percentage underreach can then be expressed as follows:

Iy 21 +1g{Zp-29)
% underreach : | 1— X 100 (I-11)
I 21 +1g(Zp—2Z1) + Ip Zom

Substituting the current and impedance values into equation (I-11) indicates a percentage
underreach of 26 percent. Thus, a zone-2 relay set to reach 135 percent of the protected line
would actually reach just 100 percent of the line for the conditions assumed.
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UNIFLEX CONCEPTS ON
TRANSMISSION LINE RELAYING

INTRODUCTION

Solid state relay systems for the protection of transmission lines began to replace their electro-
mechanical counterparts in the early ““sixties’ chiefly for EHV lines. These systems initially were com-
prised of relays that used discrete components that were housed in the same flexitest cases that are used
for electromechanical relays.

These solid state relay designs were upgraded and repackaged in rack mounted chassis with plug-in
printed circuit boards. However, the designs were substantially the same as before.

Developments during the early “seventies” indicated the need for low energy relay systems. The
availability of the operational amplifier integrated circuit, the high threshold logic integrated circuits,
the optical isolator IC package, and the light emitting diode caused a re-evaluation of the entire concept
of solid state relay system design.

SYSTEM DESIGN CONCEPTS

The Uniflex solid state relay systems were designed ““from the top down”. The requirements of the
various systems were defined from a system viewpoint. Elements that could be common to more than
one system were identified. The packaging then was developed using plug-in relays and modules to the
greatest practical extent.

The organization of the system functions is shown in Figure 1 for the directional comparison family of
pilot systems: blocking, unblock, and permissive overreaching transfer trip (POTT). The sets of
modules that are typically required to implement the functions in Figure 1 are shown in the following
figures:

Figure 2 Blocking System With No Options

Figure 3 Blocking System With All Options

Figure 4 Unblock System With No Options

Figure 5 Unblock System With All Options

Figure 6 POTT System With No Options

Figure 7 POTT System With All Options

Figure & and Figure 9 show similar information for the non-pilot system.

Certain ““logic functions’ are not plug-in entities, but consist of a dedicated set of hardware, printed
circuitry, and printed circuit board area. These are the ““option functions” on the DBL blocking logic,
DUL unblocking logic, NPL non-pilot logic, and the OPT-1 logic modules.

The Uniflex instruction leaflets follow the modular concept with each relay system option having its
own unique publication. The instruction book for a system is subdivided into sections to minimize the
search for a given bit of information. In addition, the book contains only those leaflets that apply to the
particular system.

The modular approach inherently invites the use of computer aids for engineering, drafting, and
manufacturing. In addition to various lists, the computer generates punched tapes that operate a
numerically controlled semi-automatic wiring machine on which all relay chassis backplanes and all
cabinet harnesses are wired.

The low burden of the Uniflex relay system allows the use of the type UFTB portable test box for func-
tional testing. The test box is powered by single phase 120 volts 60 hertz and generates internally the
three phase test voltages necessary to simulate all phase and ground faults. A single phase test current



is provided such that internal and external faults may be simulated to operate all relays for any setting.
A variac provides voltage control which allows a recheck of the balance point of the distance relays.
The UFTB test box is shown in Figure 10. It plugs into the UTP test panel shown in Figure 11.

NOISE IMMUNITY @

The Uniflex relay system utilizes a number of techniques to provide noise immunity. Cables for
connection to the switchyard are enclosed in a steel trough to provide shielding. Surge suppression
capacitors are provided for leads with switchyard exposure immediately as the conductor exits the
trough with very short leads to ground via the steel trough. This provides a quiet relay cabinet environ-
ment. Even so, the analog signals for the operational amplifiers are via shielded twisted pair, and the
digital signal wiring is on the side opposite the cable trough.

The Uniflex relay system is isolated from the outside world by transformers or optical isolators on in-
puts, and by *‘dry” contacts or optical isolators on outputs. Decoupling capacitors are provided on all
operational amplifier boards. All digital logic is high threshold design providing the highest noise im-
munity available.

THE UNIFLEX SYSTEMS
Common to all Uniflex systems are the following 19 inch rack mounted assemblies:

USPS  Power Supply

UCT Current Transformation
UBR  Basic Relays

UIO  Input/Output

UTP  Test Panel

The UOP! option relay assembly may be supplied with any system. The UOP2 option relay assembly 74
may be supplied with the unblock system or with the permissive overreaching transfer trip system. :

The channel equipment for pilot systems normally is mounted above the USPS power supply.
However, in some cases it is remote from the Uniflex cabinet.

The UMO monitor assembly may be supplied with any Uniflex system. Typical Uniflex systems are
shown in the following figures:

Figure 12a Blocking System

Figure 12b Blocking System With UOPI1 and UMO

Figure 13a Unblock System

Figure 13b Unblock System With UOP!

Figure 13c Unblock System 3 Terminal Line, With UOPI, UOP2, and UMO
Figure 14a POTT System

Figure 14b POTT System With UOPI

Figure l4dc POTT System 3 terminal line With UOPI1, UOP2, and UMO
Figure 15a Non-Pilot System

Figure 15b Non-Pilot System With UOP1 and UMO

THE 19 INCH RACK MOUNTED ASSEMBLIES

The USPS power supply is shown in Figure 16 and is a dc to dc converter type which provides isolation
from the station battery. It provides a tracking regulated +15 volt supply for the operational
amplifiers, and a separately regulated +15 volt supply for the digital logic, the light emitting diodes,
and the auxiliary relays. The USPS is self-protecting.




The UCT current transformation assembly contains air gap current transformers which provide isola-
tion from the switchyard current transformer secondary circuits. The air gap reduces the effect of dc
offset current on the measuring relays. The secondary of the air gap transformer is permanently loaded
with a 10 ohm shunt which provides a fixed burden of less than 2 VA per phase at 5 amperes and which
precludes an open secondary. The voltage supplied to the relays is that across the shunt and is | volt

/75° at 5 amperes.

The UBR basic relay assembly contains the system logic and the meauring relays as well as the LTI
test indicator module and the LVT voltage transformation module. Typical assemblies are shown in the
following figures:

Figure 17 UBR Typical — With Details
Figure 18a UBR Blocking System

Figure 18b UBR Unblock or POTT System
Figure 18c UBR Non-Pilot System

The LVT voltage transformation module contains the voltage transformers that provide isolation from
the switchyard voltage transformer secondary circuits. The ratio is 12/1 which supplies 6 volts to the
relays. The total burden is less than 1 VA per phase. A phase shifting circuit is provided to permit
switching the angle of maximum sensitivity from 75°, which is inherent with the UCT, to 65°. Trim-
pots provide for adjusting the angle from 65° to 75°. For angles from 75° to 90° a different style
number LVT is available,

The LTI test indicator module provides a light emitting diode (LED) for each logic output in the
assembly. It has a pushbutton switch to activate the LEDs for testing.

The UOPI optional relay assembly contains the relays for Zone 1 high speed trip and either zone 3
timer trip or double blinder out-of-step. Typical assemblies are shown in the following figures:

Figure 19a UOPI Zone 1, Zone 3
Figure 19b UOPI Zone 1, Out-of-Step
Figure 19¢ UOP!1 Zone 3, Out-of-Step

The UOP2 optional relay assembly contains the relays for weakfeed terminals where either the unblock
system or the POTT system is used. A typical assembly is shown in Figure 20.

The UTP test panel assembly is shown in Figure 11. The FT-1 test switches provide for measuring relay
system currents and voltages, or introducing test currents and voltages either from calibration test
equipment or from the UFTB portable test box. The trip cutout switch isolates the Uniflex system out-
puts from the breaker control devices during testing.

The UIO input/output assembly contains the modules that provide dc isolation from external devices.
In addition, LEDs provide target indication. Typical assemblies are shown in the following figures:

Figure 21a UIO ARM Trip
Figure 21b UIO SRM Trip

The ARM module provides type AR relay contact outputs for breaker trip and for breaker failure tim-
ing initiate. It has LED targets for breaker trip and a reset pushbutton for all target LEDs.

The SRM module provides thyristor outputs for breaker trip and reed relay outputs for breaker failure
timing initiate. It has LED targets for breaker trip and a reset pushbutton for all target LEDs.

The BFM module provides type AR relay contact outputs for breaker failure timing initiate where the
reed relay contacts are not suitable. It has LEDs for relay test.



The IFM module provides interface with the channel equipment and contains the variable features re-
quired by the channel. It has pushbuttons for transmitter key and channel simulate and a pushbutton
switch for pilot trip cutout. As an option, it may have a carrier level indicator.

The RIM module provides reed relay outputs for reclose initiate. It has LED targets for high speed
trips.

The RBM module provides reed relay outputs for reclose block. It has LED targets for time delay
trips.

The PRM module provides programmable reed relay outputs for trip functions and for non-trip func-
tions. It has LED targets for non-trip functions.

The CBM module provides a manually initiated check back feature that permits testing of the channel
in both directions from a single station.

The UMO monitor assembly is shown in Figure 22. The UMPS power supply provides a regulated
+15 volts to the monitor modules. The monitor modules provide dc isolated outputs, either reed relays
or optical isolators, to operate remote event recorders, oscillographs, etc. Any logic output in the
Uniflex system may be monitored. The modules are available in the following types:

+15V INPUTS OUTPUTS
MODULE (MAX) OUTPUTS (TYPE) LED TARGETS
RRM 10 10 Reed Relay None
RRIM 6 6ori2 Reed Relay 6
SSM 10 10 Optical Isolator None
SSIM 6 6orl2 Optical Isolator 6
REMOTE INTERFACING

The Uniflex system always provides optical isolators for input and output signals where the channel
equipment is remote. Often the channel equipment provides similar isolation. The PSM-7 module
provides a regulated +15V to power the external circuits as shown in Figure 23. The PSM-7 module,
when used, is mounted in the USPS power supply assembly.

CHANNEL EQUIPMENT

The TC-10 carrier set is on-off type and normally is used with the blocking system. It consitst of a 10
watt transmitter and a wide-band receiver which is comprised of modules that plug into a Uniflex
type 19 inch chassis, 3 rack units high. A voice adapter module is available for telephone communi-
cations. Reserve signal detection is optional. All frequency conversions are accomplished with plug-
in module and plug-in component changes. The carrier level indicator, if used, is on the detector
module and has a linear dB scale. An output is provided for an additional carrier level indicator on
the Uniflex IFM-1 interface module where the TC-10 is remote from the Uniflex relay cabinet. A
separate 100 watt amplifier is available to provide 10dB additional power. The transmitter frequency
is adjustable 4150 hertz for multi-terminal lines. Receiver bandwidth can be changed by changing a

plug-in module.

The TCE-10 carrier transmitter and receiver normally are used with the unblock system. Each consists
of modules that plug into Uniflex type 19 inch chassis 3 rack units high. A frequency change may be ac-
complished by changing modules.




The transmitter is | watt/10watt with 50 watt capability. A separate 100 watt amplifier is available. A
hybrid, either balanced or skewed, may be supplied in the transmitter chassis.

The wideband receiver may have an optional carrier level indicator with a linear dB scale and with an
output to drive an additional carrier level indication on the Uniflex IFM-2 interface module where
the TCF-10 is remote from the Uniflex relay cabinet. Outputs may be optical isolator type. Noise
detection is in-band signal/noise ratio type. The receiver output logic module is designed to comple-
ment the Uniflex IFM-2 interface logic. Logic is provided to restore trip capability following a low
signal clamp during open breaker keying.

The DIT-3U audio tone set normally is used with the permissive overreaching transfer trip system. It
consists of modules that plug into a 19 inch chassis, 3 rack units high, that uses the Uniflex cover. The
transmitter and receiver share the same chassis. The second receiver, if used, requires another chassis.
A tone level indicator with a linear dB scale is available on the receiver. An output may be provided to
drive a tone level indicator on the Uniflex IFM-2 interface module where the tone set is remote from
the Uniflex relay cabinet. Noise detection is signal /noise ratio type with noise sampled out of band. A
650 hertz pilot tone with a 650 hertz notched receiver filter provides frequency translation protection.
The receiver output logic is designed to complement the Uniflex IFM-2 interface logic. Logic is provid-
ed to restore trip capability following a low signal clamp during open breaker keying.

MEASURING RELAYS

The modular concept is found also in the design of the meauring relays where operational amplifiers
are used to design amplifiers, adders, subtractors, integrators, differentiators, phase shifters, level
detectors, etc. These circuits provide improved flexibility of relay design. All relays use the common
voltage and current input signals as shown in Figure 24 typical for one phase.

The LKD phase to phase unit operation is shown in Figure 25. The three subtractor circuits provide
the phasor VAB-IABZ(C. Z¢ is the compensator reach setting. The -90° phase shifter circuits are not
shown. However, the polarizing phasor -j (VAB-IABZ() is compared with the operating phasor
VCB-IcBZ¢ whose circuits are similar to those shown. For a fault at the balance point, the operate
phasor Veg-ICBZc is at point Y and the output of the “AND” gate is uncertain. For a fault beyond
the balance point, the operate phasor is to the left of point Y and out of phase with the polarizing
phasor and thus the “AND” gate has no output. For a fault within the balance point, the operate
phasor is to the right of point Y and is in phase (less than 90° apart) so that there is an output from
the “AND" gate for a duration greater than 4.16 milliseconds (90°).

The LKD three phase unit operation is shown in Figure 26. A subtractor, a filter, and a inverting
amplifier provide the polarizing phasor -VCA- A subtractor and an adder provide the operate
phasor Vea-IcaZe. For a fault beyond the balance point, the operate phasor falls short of Vo and
is out of phase with -V thus no “AND” output. For a fault within the balance point, the operate
phasor extends beyond Va and is phase with -VCA which causes the “AND” output.

The LD-1 carrier start phase unit uses the “block sequence’” scheme for maximum speed as shown in
Figure 27. For a fault within the balance point, the operate phasor leads the polarize phasor which
causes Q2, Q3, and Q4 to turn on to cause 218 output. QI is disabled by circuitry not shown. For a
fault beyond the balance point, the operate phasor lags the polarize phasor and Q1 turns on first to gate
the thyristor and preclude the turn of Q3 and Q4 thus no 21S output.

The LDG and LDGZ ground distance units are shown in Figure 28 for phase A. The restraint quantity
VXN contains only positive and negative sequence current and voltage because the zero sequence
current and voltage is subtracted from the total. The operate quantity VyyQ is compared on a magni-
tude basis with the restraint quantity V. For a fault within the balance point Vyyo VN which
causes the output 2IN. The phase B and phase C restraint quantities VyN and Vzp are derived in
similar circuits and similar comparisons are made.



The LDG output logic is shown in Figure 29. A switch provides optional control of the distance ground
unit Z by the directional ground unit D which removes the restriction on the reach setting as well as
providing a trip output by the D unit for faults not **seen” by the Z unit. Trip by the D unit is delayed 20
milliseconds and limited to 50 ms.

The LDGZ output logic is shown in Figure 30. The two phase to ground fault desensitizer reduces the
reach 40% upon the occurrence of a two phase to ground fault. A two count mode is provided to
enhance security where CCVTs are used.

The LDZ phase unit phasors are shown in Figure 31. For a fault within the balance point, the operate
phasor will extend beyond point Vg and thus will be in phase with the polarize phasor which causes
the 21-1 output. A fault beyond the balance point will result in the operate phasor being short of point
Vg and thus out of phase with the polarize phasor.

The LRG directional ground unit is shown in Figure 32. The phasor are shown for the voltage polarized
phase A to ground fault condition. The angle § is the inherent 75° angle of the UCT air gap current
transformer. The effective angle could be 65° if that option was selected on the LVT voltage transfor-
mation unit.

THE RELAY LOGIC

All of the Uniflex system dlgltal logxc is high threshold type with transfer characteristics as shown in
Figure 33. The 5 volt noise margm is minimum. A 6 volt noise margin is typical. This contrasts with the
1.2 volt noise margins found in the 5 volt digital logic families.

The three types of HTL logic outputs are shown in Figure 34. The open collector output in the inactive
state allows the input of the next gate to float which provides the least immunity. The passive output
provides a 15K pullup resistor in the inactive state which provides improved noise immuity. For outputs
that drive inputs on a different module, the active output provides a 1.5K pullup resistor in the presence
of negative going disturbances. A two input NAND gate is shown in Figure 35. Both inputs high will
cause the output to be low.

General purpose timers are shown in Figure 36. These are used where accuracy is not critical. Prior to
activation, the on timer input and output are high and transistor Q1 is turned on. When a signal pulls
the input low, Q1 turns off and the capacitor charges via the 3K and 12K resistors. When the capacitor
reaches threshold level, the output transistor turns on to clamp the output low. When the input signal
disappears, the input goes high and Q1 turns on to discharge the capacitor instantaneously causing the
output transistor to unclamp the output.

The input and output of the off timer is low prior to activation; QI is off and the capacitor is discharg-
ed. When the input signal goes high, Q1 turns on to charge the capacitor instantaneously and to cause
the output transistor to unclamp the output. When the input signal again goes low, Q1 turns off and the
capacitor discharges via the 3K and 12K resistors. When the capacitor reaches the threshold level, the
output transistor will turn to reclamp the output.

An on-off timer consists of an on timer driving an off timer in keeping with the modular building block
concept.

Where timing accuracy is critical, a combination of an HTL gate and an operational amplifier is used
as shown in Figure 37. Resistors R2, R3, and R4 together with the op-amp form a level detector circuit,
The absence of negative feedback causes the output to switch from one saturation level to another for
only a few millivolts difference between the input terminals. Thus, R4 is effectively in parallel with
either R2 or R3, and the bias on the + terminal is determined by the output of the op-amp. Prior to ac-
tivation, the open collector output of ICJ clamps the capacitor low and the output of the op-amp is high
placing R4 in parallel with R2 and the bias at vb2. An input to the gate causes it to unclamp the
capacitor and it charges via R1. When the capacitor voltage reaches vb2, the output switches to zero
placing R4 in parallel with R3 and the bias at vbl. Thus, a lower voltage is required at the —terminal to
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reset the ouptut than is required to switch it originally. The timer shown is an on timer. Off timers and
on-oft timers are similar except Rl is replaced by resistor/diode networks to control the
charge/discharge times of the capacitor.

The flip-flop consists of two NAND gates cross connected in textbook fashion.

CONCLUSION

The Uniflex relay systems emphasize modular concepts at all levels of design, hardware
implementation, relay functions, and documentation which results in a set of “building blocks” that
aliows greater flexibility of specification and application as well as improved efficiency in engineering,
manufacturing, testing and field commissioning.
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UNIFLEX GLOSSARY

STRUCTURES & ASSEMBLIES

Type Description

UF 19 In. Open Rack

UFS 19 In. Swing Rack Cabinet
UFF 19 In. Fixed Rack Cabinet
USPS Systems Power Supply Assy.
UCT Current Transformation Assy.
UBR Basic Relay Assy.

UOPI Option Relay Assy.

UIO Input/Output Assy.

UTP Test Panel Assy.

UFTP Functional Test Box

UMO Monitor Assembly

RELAYS & MODULES (5 RACK UNITS)

Device Type Description
LT1 Test Indicator Mod.

85B, 85U DBL DUL Pilot Logic Rel.

50 LI Over Current Rel.

21P LKD Distance Rel.-Pilot Phase

2INP LDG Distance Rel.-Pilot Ground

67NP LRG Distance Rel.-Pilot Ground

218 LD-1 Distance Rel.-Phase Carrier Start
LVT Voltage Transformation Mod.

95 OPTI Option Logic Rel.




21-1 LDZ Distance Rel.-Zone | Phase

21N-1 LDGZ Distance Rel.-Zone 1 Ground
21-3 LKD Distance Rel.-Zone 3 Phase
2IN-3 LDG Distance Rel.-Zone 3 Ground
21B LDB Blinder Rel.
27/59 LV Under/Over Voltage Relay
36 LAO-I Analog Option Relay

WFL Weak Feed Logic Relay

MODULES (3 Rack Units)

IFM-1 Channel Interface
CBM-1 Channel Checkback
IFM-2 Channel Interface
CBM-2 Channel Checkback
CCM Contact Converter

94 ARM Breaker Trip-AR

94 SRM Breaker Trip-SCR
BFM Breaker Failure Initiate
RIM Reclose Initiate
RBM Reclose Block

74 PRM Alarm
PSM-1 Transformer
PSM-2 Inverter
PSM-3 Filter
PSM-4 Regulator-Digital
PSM-5 Regulator-Tracking
PSM-6 Monitor
PSM-7 Regulator-External
SSM Monitor
RRM Monitor
SSIM Monitor With Indication
RRIM Monitor With Indication

OPTION FUNCTIONS (HARDWARE SETS)

Function
Name Location Description
50DT DBL Overcurrent Direct Trip
DUL
NPL
22T DBL Zone 2 Timer Trip
DUL
NPL
0S-3 DBL Out of Step (Tomato)
DUL
NPL
30RB DBL Three Phase Reclose Block
DUL
NPL
Z1 OPT1 Zone 1 High Speed Trip
23T OPTI1 Zone 3 Timer Trip
08S-2 OPTI Out of Step (Double Blinder)
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DESTGN CONSIDERATIONS
FOR A NEW SOLID~STATE TRANSFORMER DIFFERENTIAL RELAY
WITH HARMONIC RESTRAINT

SUMMARY

Some of the history of transformer differential relaying is
reviewed for the purpose of establishing criteria for the design
of a new relay. Among the basic requirements of a sound design
are ratio-matching taps, a percentage-differential characteristic,
and restraint based on the harmonic content of the relay currents.

Magnetizing inrush current is, of course, the principal cause
of malfunctions of relays of this type. The characteristics of
this type of current are analyzed in detail, and the conclusion
drawn that restraint by fifteen percent second harmonic content
is appropriate. As the text explains, the reasons for this deci-
sion include the undependable nature of the other harmonics due
+o0 inevitable delta connections, as well as the presence of those
harmonics in legitimate fault currents.

The electrical design of the new solid-state relay is dis-
cussed in detail, with mathematical analysis of the circuitry.
Oscilloscope traces of points of interest within the circuit con-
firm these analyses.

Finally, data on tests conducted at full power in a typical

installation confirm the results of the analysis, with data pre-
sented to verify proper operation of the new relay design.

INTRODUCTION

In order to overcome the problem of nuisance tripping experi-
enced on energizing power-transformers, modern transformer differ-
ential relays have for years been designed utilizing the principle
of "harmonic restraint". To our knowledge, the first relay to use
the powerful concept of restraint proportioned to the harmonic fre-
quency component of current was reported by Kennedy and Hayward in
1938 (1).

Although a transformer~-differential relay using harmonic re-
straint was apparently being developed at that time, it was not
reported until 1941 (2). Curiously, the 1938 report disclosed a
relay not for transformer protection, but for bus protection.
Harmonic restraint was used in the 1938 bus relay to provide secu-
rity against tripping on external faults causing severe saturation
of the current-transformer on the faulted feeder.




We consider the work reported in that paper among the most
valuable in the differential relay literature. However, the 4
extension of the principles of that paper to the design of per-
centage-differential relays for transformer protection can be
guestioned.

Table 1 emulates Table 1 of Kennedy and Hayward's paper. It
gives the author's Fourier analysis of three waveforms which are
difficult for differential relays to handle:

Internal Fault, No CT Saturation
External Fault, with CT Saturation
Transformer Magnetizing Inrush

These are illustrated in Figures 1, 2 and 3 respectively.

TABLE 1

HARMONIC WAVE ANALYSES OF TYPICAL CURRENTS APPEARING
IN DIFFERENTIAL RELAY CIRCUITS DUE TO VARIOUS CAUSES

DIFFERENTIAL CURRENT DUE TO:
INTERNAL SATURATED MAGNETIZING

PAULT C.T.'s INRUSH

COMPONENT FIGURE 1 FIGURE 2 FIGURE 3
Peak 145% 126% 244%
DC 38% 0% 58%
FPundamental 100% 100% 100%
Second Harmonic 9% 4% 63%
Third Harmonic 4% 32% 22%
Fourth Harmonic 7% 9% 5%
Fifth Harmonic 3 2% 32%
Sixth Harmonic 6% 1% 4%
Seventh Harmonic 2% 3% 3%

The high content of third-harmonic in the present of saturat-
ed CT's (Figure 2) is the principal reason in the author's decision
to use all harmonics to restrain the relay. After long analysis,
we have decided that this decision is not appropriate for transform-
er relays, for two reasons:

1) Modern transformer relays are designed to take advantage
of both percentage~restraint as well as harmonic restraint; this
bus differential relay was not provided with percentage restraint.




2) The assumption that the CT on the faulted feeder 1is the
most likely to saturate on an external fault is only true for a
bus situation, since all the other sources connected to the bus
are feeding the one circuit. However, in protecting transformers,
an internal fault is just as apt to produce large currents (par-
ticularly for bushing faults). Therefore, these CT's will satu-

rate just as badly, and probably worse, for an internal, as for

an external fault.

MAGNETIZING INRUSH

CURRENTS

The Currents Taken

By Each Winding of the Transformexr

The nature of
erences 2, 3 and 4
components of such

Table 2 lists

of variables

the inrush current is shown in Figure 3.

Ref-

cach contain Fourier analyses of the frequency
waveforms.

+he results of these analyses.

TABLE

involved is considered.

2

MAGNETIZING INRUSH CURRENTS

Although some
35 years had elapsed in the interval spanning this work, and dif-
ferent methods used to obtain the results, one observes close

correlation among the data presented - startling when the number

RER - REFERENCE 3 REFERENCE 4%
ERENCE

COMPONENT 2 CYCLE #2|CYCLE $#13]| 240 210° | 180°
Peak 244 203 133 - - -
DC 58 70 6 75 - 64
Fundamental 100 100 100 100 100 100
Second Harmonic 63 23 33 17 29 42
Third Harmonic 27 9 3 9 7 0
Fourth Harmonic 5 - - 2 3 3
Fifth Harmonic 4 - - 2 4 0

*For Reference 4, a progression from 240° thru 180° represents
elapsed time, during which the inrush is subsiding.

The variance of the second-harmonic components reported is

most probably attributed to the particular cycle analyzed.

A

characteristic of inrush current is that the base~width of the
as the inrush

sinusoidal pulses decreases,

as well as its peak,




subsides. See Figure 4 for a representation of this effect. The
second-harmonic component of the phase-winding suffering the worst
inrush will gradually increase, and then decrease to zero. There-
fore, References 3 and 4 are in basic agreement as to the nature
of the second-harmonics’ performance. The fact that Reference 4

is purely theoretical, and References 2 and 3 report measured data,
justifies both approaches and makes each more valuable.

Tn line with the theory of Fourier analysis, the higher har-
monics appear in ever-decreasing amplitude, and for this reason,
those above the fifth are not analyzed since their contribution

is negligible.

The Line Currents of Delta-Connected Banks or CT'sg

In delta-wye connected power-transformers or banks, the cur-
rent-transformers are connected wye-delta, in order that they:

1) Obtain the proper phase-shift from high-to-low side
load or through-fault currents, and to

2) Supply the required zero-sequence elimination to provide
proper relay performance on external~ground faults.

In wye-wye connected banks, the CT's are connected delta-
delta for the second reason above. In all cases, a delta winding
is encountered in either the power—, or the current-transformer

connections.

Because of these connections, the currents supplied to the re-
lay are not those listed in Table 2, but modified due to manner in
which the delta-winding currents combine to form the line currents.
As shown in Figure 5, the fundamental components add at 60° while
the second-harmonics add at 120° the third-harmonics at 180°, and

so forth.

In the worst case, that is when the inrush current is the same
in two adjacent windings, the dc component delivered to the relay
decreases to zero, the second harmonic to 57.7%, the third to zero,
+he fourth to 57.7%, and the fifth is unchanged. The results of
these operations are indicated in Table 3, and represents the
actual currents delivered to the relay for the inrush currents
listed in Table 2.

We stress here that Table 3 does not represent any actual test
result with which we are familiar, but rather is a worst-case
situation, illustrating the guantities on which a relay designer
may depend. In considering quantities for restraint, any of the
harmonics may be greater than indicated.




TABLE 3

WORST-CASE MAGNETIZING INRUSH CURRENTS

Delivered to the relay, as a result of Delta Connection.

REF - REFERENCE 3 REFERENCE 4
ERENCE o o o
COMPONENT 2 CYCLE #2/CYCLE #13] 240 210 180
nC 0 0 0 0 0 0
Fundamental 1060 100 100 100 100 100
Second Harmonic 36 13 19 10 17 24
Third Harmonic 0 0 0 0 0 0
Fourth Harmonic 3 - o 1 2 5
Fifth Harmonic 4 - - 2 4 0

SOME CONSIDERATIONS IN THE RELAY DESIGN

The Odd Harmonics and CT Saturation

While it is certainly true that the current-transformers
should be selected so that they do not saturate for the largest
anticipated fault current, this is often impossible to realize,
and so problems of CT saturation should be addressed in the design
of protective relays.

Saturation of current-transformers produces harmonic compo-
nents for reasons similar to those causing the harmonics in inrush
currents. In the steady-state, however, the harmonic analysis
will show that there are only odd harmonics (plus fundamental)
since there is no dc component. Thus the odds are characteristic
of CT saturation and the evens are not. This indicates that the
odd harmonics not be used for restraint, lest undesirable re-
straint be provided in the event of a severe fault, internal to
the power transformer, which causes the current-transformers to

saturate.

Arcing Faults and Waveform Distortion

A common occurrence is a fault occurring within the trans-
former winding, not adjacent to the terminals, so that the fault
current is limited by the relatively high reactance between dif-
ferent portions of the winding, and also that of the laminaticns.
Such a fault, both through the action of the iron involved, and
on account of the low current and high voltage in the resulting arc,
will tend to produce harmonics of appreciable magnitude.



As in the case of CT saturation, when symmetrical conditions
are achieved, only odd harmonics will be present. Thus, restraint
with any of the odd harmonics is liable to prevent tripping in
this instance.

The DC and Third-Harmonic Components

As noted in Table 3, each of these is a "zero-sequence” har-
monic, in that either may tend to cancel in the lines to a delta
winding. For this reason, either the dc or the third harmonic
component is not reliable to supply the required restraint on in-
rush.

Selection of Harmonics for Restraint

On consideration of the factors discussed above, it was de-
cided to use only the second-harmonic to restrain the relay.
While the fourth has desirable characteristics for this purpose,
it is present in too small a quantity to justify the complexity
of adding anothexr filter circuit. If the same filter were used to
obtain both second and fourth harmonic restraint, it would probably
introduce some undesirable third-harmonic restraint as well.

A plausible objection to the use of the second-harmonic for
restraint is that an offset fault current has a transient second-
harmonic content which might delay tripping. While this is theo-
retically true, it is also true that the second-harmonic content
is relatively small, and quickly falls below the level required
for restraint, allowing trip times in the one cvcle range for
practical situations, provided that the proportion of restraint
is properly selected.

Fifteen Percent Second Harmonic Restraint

Analysis of the data available indicates that fifteen per-
cent is the appropriate level. By this is meant that the relay
will just restrain when the second~-harmonic is 15% of the funda-
mental component of any complex waveform. In order that this
parameter be precisely defined, the relay design is such that
the operating quantity is the fundamental component only.

An inspection of the data of Reference 4, Table 3, shows
that the second harmonic might (in the worst-case) be only 10%
during the first cycle or so of the inrush. We reiterate here
that this data is purely theoretical, an analysis of sinusoidal
segments resembling actual inrush currents. The analysis, however,
does not take into account the damping effect provided by circuit
resistance, which has the effect of modifying the actual waveshape
as shown in Figure 4. The decrement, due to damping, contributes
an extra measure of second-harmonic in the actual case. This
fact is seen to be true when the data of Reference 3 (measured
value), is considered.




Further, as will be discussed below, careful selection of the
filters used to segregate the fundamental and second-harmonic allow
the restraint to build up more rapidly than the operate guantity,
thus providing an extra margin of coordination.

RATIQO MATCHING TAPS

The main current-transformers' ratios should be chosen with
regard to maintaining near equality in the currents delivered to
the relay during load conditions, or for faults external to the
zone protected by the relay. In order to correct for any mis-
match in these currents, however, the ITE-87T is provided with
ratio-matching taps.

The taps are the basic means of adjusting for these differ-
ences (which appear as false differential current to the relay).
Note, however, that the percentage characteristic may alsoc be used
for this purpose, as a part of "fine-tuning” on the tap selection.
In virtually all applications, these balancing devices will ob-
viate the necessity of using auxiliary current-transformers, re-
sulting in simpler interconnections. In addition, the added bur-
den of the auxiliary CT's need not be imposed on the main current
transformers, resulting in a higher-performance system.

PERCENTAGE~DIFFERENTIAL CHARACTERISTIC

This feature is perhaps more desirable for transformer re-
lays than any other type of differential relay since the trans-
former relay will almost always suffer a mismatch in CT ratios
due to the ratio of the power-transformer being protected, and
the mismatch caused by action of Load-Tap-Changing egquipment.

Tn addition, the location of an external fault can seriously
affect the performance of current transformers, causing severe
saturation of one CT and not the other. Some of the reasons for
this unbalance are listed below:

Bus Configuration

Breaker-and-a-half, or ring bus schemes with the transformer
primary winding between two breakers: the fault currents through
each breaker are limited by their respective (and probably dif-
ferent) source impedances. :

This will almost always lead to unequal distribution of
fault currents, and correspondingly different CT performance.




Location of current Transformers

wWhen one CT ig an appreciable distance from the other, the
1ead-drop from one CT to the relay will tend to be greater than
the other. Some of this disparity may be corrected by larger—
sized wire for the long ruily put usually, the remote CT will have
a more difficult +ask to remain unsaturated.

Difference in CT Ratios

Required tO palance the secondary currents delivered toO the
relays;s unfortunately the different ratios produce another problem,
in that the higher ratios tend to have higher saturation voltages.
This problem cai be partioularly acute in awitchgear applications

with low ratlo CT's mounted in rhe switchgear, as C100 or 200 ac~
curacy classifications are guite common for this type of CcT, and
space is only expensively available for the large volume reguired

for the higher voltage classifications.

PRIOR STATE OF THE ART

a transformer differential relay with harmonic restraint
measures the ratio of the difference Of winding currents to the
gum of the jarger of the winding currents. The relay trips if
the difference exceeds a predetermined percentage of the largex
winding current. At the same +ime, the harmonic content of the
difference current 1is separated bY I-C filters and tripping is
restrained if a predetermined harmonic content 1is present. This
content is represemtative of magnetizing inrush current.

FormerlyY, relays have used separate restraint current trans-
formers for each winding and one or two differential rransformexs.
The transformers are connected in a T-circuit to derive both
restraint and operate yoltage signals.

When ratio correction taps are provided on each of these
t+transformers, the T-connection forces a complex interconnection
of windings and tap blocks. 1D addition, the use of conventional
diodes and polarized output relays have imposed a large signal
level. The large signal level has adversely affected the size
and weight of the transformers of necessity and forced the use of

bulky reactors and large capacitors in filter circuits.

THE NEW DESIGN

R

The limiting factors in previous designs have largely been
overcome by the use of small-signal design and the novel input
circuitry to pe described pelow. The relay design is represented
in block diagram form in Figure 6.



INPUT CIRCUIT

Figure 7 shows the input circuit of a 3-winding transformer
differential relay. Burden resistors R300, R301, and R302 con-
nected in the secondaries of input transformers T300, T301 and
T302 develop signal voltages proportional to the current in each
winding. Taps are provided on the primary of each transformer
in the manner of a simple overcurrent relay.

Each signal is rectified by precision positive polarity full
wave rectifiers U100, U101l and Ul02. The rectified signals are
dioded coupled to obtain the signal of largest absolute value.

This is the restraint signal [V,

In addition, the AC signal voltages Vi, Vp and V3 are summed
by means of operational amplifier Ul04. The resulting signal V,
is proportional to the difference of the current in the three
windings.

ZERO~-DROP RECTIFIER CIRCUITRY

This signal is rectified by zero-drop (precision) full wave
rectifier Ul03 to extract its negative absolute value. This is

the operate signal 1V0

®

The use of simple diodes for rectification penalizes the
choice of signal level since the signal must be large compared to
the inherent half volt diode junction drop and its attendant change
with temperature. However, operational amplifiers in conjunction
with diodes produce temperature stable zero~drop rectifiers in
order to utilize small signal levels.

As an example, the precision rectifier circuit Ul03 is shown
in Figure 8. The circuit may be analyzed using the following
common assumptions:

1) The gain of each amplifier is high enough to consider
the voltage between its input terminals to be virtual zero.

2) The input impedance of each amplifier is high enough to
congider no current enters the amplifier.

In Figure 8, the first amplifier Ul03A is connected as a non-
inverting amplifier and feeds the output when the input Vj is
negative. With negative, input diode D2 is forwarded biased and
D1 is reversed biased.

Considering conditions 1 and 2 above, resistor Rp is at the
output potential E, Rp is at virtual zero, and the junction of Rp
and Rp is at the input potential .



The output, therefore, can be expressed by

7 - Ra + &0 7 (¥, <d )
“u

The second amplifier, UL03B, is connected as an inverting
amplifier and gets an input signal ’W; through Rpa. With negative
input U103B, output is poled positive, diode D4 reversed biased,
and the amplifier cannot feed the output. However, when the input
goes positive, the Ul03B output goes negative. Diode D4 is then
forward biased, and Ul03B feeds the output. For this connection:

122:=._. Zaa + ZE2> (nzf >’67)
Ka

Consequently, the output is again negative and egual to the
value produced by the negative input. At the same time, the non-
inverting amplifier output is positive for positive input and diode
D2 decouples it from the output.

In summary, the input circuit of Figure 7 uses operational
amplifiers to derive the restraint and operate sionals. The small
signal circuitry allows simple tapped input transformers to pro-
vide the required differential characteristic. However, the relay
has excellent immunity against transients, as discussed in the
section on testing.

HARMONIC RESTRAINT UNIT

The harmonic restraint circuit is shown in Figure 9. In this
circuit, operational amplifiers are used to construct second order
band pass filters for segregating the fundamental and the second
harmonic from the complex waveform of the differential circuitry
(Vg) - The fundamental is poled to operate this unit, and the
second harmonic poled to restrain.

The operate signal Vg, obtained from the input circuit of
Figure 7, feeds a 60 hertz band pass filter utilizing operational
amplifier U200 as an "ideal current inversion negative immittance
converter".



It can be shown that the output to input voltage transfer
function of either the 60 Hz. or the 120 Hz. filter is the second

order bandpass function,
S/,

K st , 24
it Wo

In this equation,fvbis the center frequency, 60 and 120 Hz.
respectively for the operate and restraint quantities, and d is

the damping factor (1/Q).

S+ /

The center frequency of each filter is determined by precision
resistors and capacitors R, C and the desired Q by potentiometer
R,- Both filters are adjusted by a Q of 10. The frequency response
of the 60 Hz. filter is shown in Figure 10. The response of the
120 Hz. filter is exactly the same, but centered at 120 Hz. rather

than 60.

TRANSIENT RESPONSE

A vital consideration in the selection of filter design is
the response to a suddenly applied current. Figure 11 shows the
response of the 60 Hz. and 120 Hz. filters to a simulated inrush
current. Note that the 120 Hz. filter output rises at a rate
twice that at which the 60 Hz. filter does. The reason for this
may be understood by analyzing the response of the transfer function
to an impulse. Such a solution would be of the form:

-—.Za(waz‘
€ ,Aé:zwof

This type of exponential is seen in Figure 11. ©Note that
the time-constant of the build-~up is determined by both the cir-
cuit damping and the center-frequency. With the same damping in
each filter, the 120 Hz. response early in the inrush period
must be twice as fast as that of the 60 Hz. filter. This allows
an extra measure of coordination between the two signals and pro-
vides for transient stability.

Figures 12 and 13 show the response of each filter to offset
and non-offset fault currents. Of interest here is the lack of
difference ~ the filters virtually ignore the dc component.



PROPORTION OF HARMONIC RESTRAINT

As indicated in Figure 9, rheostat R217 adjusts the propor-
tion of second-harmonic required to balance the fundamental
(thru R208). As previously discussed, 15% has been selected as
the proper amount. However, should other considerations occur,
this ratio may be easily varied by the user's adjustment of RZ17.

This operation is preceded by the rectification of the two
signals, Vigtr V2nd by rectifiers U201 and U203. Rectifier U201
produces the absolute value of the fundamental signal with negative
polarity. This signal drives current in resistor R208 and tends
to pole the output of U204 positive at the same time rectifier
U203 produces the absolute value of the second harmonic content
of the operate signal with a positive polarity. This signal
drives positive current through resistors R217 and R218 which tends
to pole the output of U204 negative, which is the non-operating
direction.

PERCENTAGE DIFFERENTIAL CIRCUIT

Figure 14 shows the comparator circuit utilizing the operate
and restraint signal to produce the percentage differential cir-
cuit. The circuit is analyzed as follows:

With no operate signal, the positive restraint signal causes
the comparator output to pole negative. As a result, resistor R120
is negative while R121 connected to positive. The resistors form
a voltage divider and their values are chosen so that at their com-

mon junction is zero.

The negative operate signal tends to pole the comparator
output positive, producing a positive output at Vp, the junction
of R120 and R121. The balance point occurs where the negative
current due to the operate signal equals the positive current due
to the restraint signal, as

%/Po = %/PR
Vo = hte VP
r

R

T+ can be seen that the ratio of operate and restraint resis-
tors (Rg/Rr) is the per unit slope differential characteristic.
The resistance Ry includes the variable resistor R115 which pro-
vides the percentage. Consequently, the circuit produces a positive
output for Vg greater than (Ro/Rgr)VR-



Figures 15a and 15b show the percentage characteristic thus
obtained. As shown, the relay may be adjusted from 15 to 40%
restraint, with sensitivity varying from 13 to 46% of tap setting.

QUTPUT CIRCUIT

Figure 16 shows the output circuit of the differential re-
lay. To produce an output, both the differential signal Vp and
the harmonic restraint signal Vg must be present at the input of
the nand gate Ul07-2.

The RC circuit and diode, together with the two gates Ul07-2

and Ul07-3, form a retriggerable one-shot multivibrator and con-
tinues its DC output when the pulse of the unfiltered inputs occur.
At the same time, the output of Ul07-3 feeds transistor relay and

target drive circuits.
Thus, relay output occurs only when a differential signal is

present and inrush containing second harmonic restrains operation
by producing a zero at the Vg input.

INSTANTANEOUS UNIT

A separate unrestrained instantaneous unit, with circuitry
similar to that described above, is also included in the new relay.
The setting is adjustable from 8 to 20 times tap rating.

TRANSIENT IMMUNITY

As part of the standard design procedure for solid-state pro-
tective relays, the new design has successfully passed various
transient immunity tests against false tripping, component damage
and changes in calibration as a result of subjecting the relay to:

1) Surge Withstand Capability (SWC) Tests (ANST 37.90a)

2) Fast-Transient Tests

3) Electromagnetic Interference Tests, utilizing 5 watt
tranceivers of various frequencies in the range of
48-465 MHZ, at distances of a fraction of an inch
from the relay.




TRANSFORMER INRUSH CURRENT TESTS

The ITE-87T was tested on a working installation consisting
of a 1500 kVA, 4160/480V secondary unit substation supplying power
to the Gould Switchgear Assembly Plant.

Figure 17 shows the transformer being energized from the
4160V side, with no load connected. As shown, the output of the
120 Hz. filter restrains the relay from tripping. The magnetizing
current was measured as 23 amps secondary (300/5 CT's) or 8X full-
load. Relay settings for all tests: 15% slope and instantaneous

element at 29 amps.

The detail of the initial primary and secondary currents,
when load is connected, is shown in Figure 18, along with the
120 Hz. filter output. The relay restrains as it did above, with
no load. Of particular interest in this photo, is the apparent
short-circuit of the transformer secondary during the first several

cycles after energization.

The basic sensitivity of the 87T is illustrated in Figure 19.
Here, the secondary CT's were disconnected from the relay so that
the relay currents were zero. A legitimate trip occurs in about
0.4 seconds, when the magnetizing current has sufficiently decayed.

This seems an inordinately long time, however, since the load

current was very low, the relay is operating at (.145 + .13), only
111% of minimum sensitivity.

CONCLUSION

Solid-state design techniques have been exploited to imple-
ment a new relay for transformer protection utilizing the time-~
proven principle of percentage differential and harmonic restraint.
Previously, relays designed according to these powerful principles
had to suffer the disadvantages of bulky iron-core inductors, com-
plex interconnections, and time-related calibration changes.

The use of modern electronic components such as integrated
operational amplifiers, precision resistors and capacitors has
eliminated these problems.

The paper has shown that solid-state designers can develop
the circuitry required by the application of the device within the
power-system, without suffering limitations inherent to the compo=
nent parts.
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TYPE ITE-87T TESTS WITH 1500 kVA TRANSFORMER
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