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INTRODUCTION

This paper will present an approach to some unusual protection applica-
tion problems encountered while specifying protection for the B.C. Hydro
High Power Laboratory (HPL). First the HPL will be described, in terms
of its location within the B.C. Hydro system, and its major equipment
and its internal connections. Next, the protection application problems
and the preferred solutions will be discussed. Many of the preferred
solutions were not practical; so the paper will discuss the considera-
tions behind the finally applied scheme, which was somewhat of a com-
promise. Lastly, there will be an account of the operational. experience
of the scheme which will mention some further probiems that have become
apparent.

The protection techniques used in the HPL are not sophisticated or
complicated. Many of the problems encountered are unique to the HPL,
and will not be faced by the protection engineer in day-to-day ut111ty
operations. However, it is hoped that the unusual nature of the
problems will be of interest. Also, some of the problems are common in
standard electrical systems, and are presented so that others may
benefit from B.C. Hydro's experience.

The HPL will ultimately be a three-phase facility. One phase is a1ready
operationa] and the second and third phases are p]anned to be in
service in 1986 and 1990 respectively. The protection is generally
applied on a single phase basis. This allows good flexibility in major
equipment connections and simpler re]ay app11cat1on Unless otherwise
mentioned, all protection described in the paper is single phase.

THE LABORATORY

The HPL has an initial single phase testing capacity of 500 MV-A, and an
ultimate capacity of 1500 MV-A, after the addition of two more phases.

The installation is intended primarily to be used for short circuit
testing of apparatus and equipment used on electric utility distribution
systems. Some other uses include load, reactor, capacitor and cable
switching tests. It will also be used to demonstrate to operating
personnel the safety aspect of various operating procedures dealing with
distribution switching equipment. From the protection engineers point
of view, the HPL may be used to test the transient performance of
current transformers and of relay systems connected to transiently
saturated CT's.
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In addition to serving B.C. Hydro's needs for high power tests,
uncommitted testing time at the HPL is also available to outside clients
on a contract basis.

The HPL is supplied by the Ingledow Substation 230 kV bus as shown in
Fig. 1. This bus has the highest 230 kV short circuit fault level on
the B.C. Hydro system (11 000 MV-A at present) so that voltage dips on
the system caused by high power tests are minimized. The Laboratory is
Tocated next door to Ingledow Substation, and the ground grid of the HPL
is solidly connected to that of Ingledow.

As shown in Fig. 2, the HPL is supplied by a single 230 kV circuit
breaker connected to the Ingledow 230 kV bus. Note that all other
230 kV Tines and transformers are connected in a '"one and one-third"
circuit breaker (CB) arrangement. The single supply CB results in a
slightly reduced security of supply to the HPL, since the source is lost
when the CB is out of service for maintenance. This reduced security is
not a problem since maintenance work at the HPL can be scheduled to
coordinate with planned outages of the supply. In fact, the single CB
is a benefit, since it can be opened at the request of HPL staff or
tripped by HPL protection without affecting security of any of the
Ingledow 230 kV circuits.

Fig. 3 shows the connections of the major components of the first
(single phase) stage of the Taboratory. The short circuit transformer
is specially designed to withstand repeated short circuits. The HV
winding is provided with an on-load tap changer providing a voltage
adjustment capability of -16 percent to +24 percent of nominal low
voltage in 33 steps. The low voltage windings are reconnectable by an
off-load switch in four different configurations to provide nominal
voltages of 4.5 kV, 9 kV, 13.5 kV and 18 kV. The transformer is rated
at 15 MV-A ONAN, has only one small radiator, and is provided with oil
pumps which must be switched on during short circuit tests. The trans-
former can withstand a bolted LV short circuit for about 25 seconds
without exceeding a hot spot temperature rise of 140°C. :

The backup circuit breaker is intended to interrupt the test short
circuit current if the device under test fails or if the device under
test is not expected to interrupt the current. This breaker is closed
just before a test starts (before the make switch is closed).

The adjustable X components are reactors which can be individually
switched to control the magnitude of the short circuit current.

The make switch 1is capable of being closed with a precision of
14 degrees at any point on the 60 Hz voltage wave. The switch has no
rated interrupting capacity, and is normally closed. It is opened just
before a test begins, closed to start the test, and left closed until
just before the beginning of the next test.
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Two test cells are provided initially. One is open air, for switching
tests, or long term tests. The other is an enclosed concrete bunker
which can contain products of an explosion. The enclosed cell is used
for high energy tests, and other tests which involve the possibility of
explosive failure of the device under test.

The transient recovery voltage (TRV) shaping devices are switchable
resistors and capacitors, capable of testing device interrupting
capabilities with a large variety of rates of recovery voltage rise.

Fig. 4 shows the planned ultimate connections of the HPL. Note that the
three single phase transformers may have their HV windings connected
grounded wye, or three or two in parallel on one phase. The trans-
formers may have their LV windings connected delta or grounded wye or in
parallel or 1in series. This flexibility in connections allows an
enormous variety of test voltages and short circuit connections. Not
shown on Fig. 4, but planned in the ultimate stage, is a momentary
current transformer which will provide currents of up to 200 kA, at
voltages of up to 1000 volts.

The Tload components shown on Fig. 4 are switchable reactors, resistors
and capacitors, providing a variable load of variable power factor.
These components are available to test device switching capabilities or
load carrying capabilities. Adjustable serjes resistances will also be
provided, to control the rate of decay of the transient dc component of
short circuit current.

Tests are sequenced automatically by a programmable logic controller
(PC) once the manually switched components have been set up. The PC
switches in appropriate series reactors, adjusts the transformer tap
setting, checks all safety interlocks, sounds warning buzzers, opens the
make switch, closes the backup circuit breaker and closes the make
switch. The PC also automatically enables and disables certain protec-
tive relays, and controls various recording devices and instrumentation.

THE PROTECTION PROBLEMS AND PREFERRED SOLUTIONS

The ac connections of all protection relays specified by device name are
shown on Fig. 5.

230 kV Zone

Differential protection was preferred for this zone, since it would have

" been sensitive, high speed, and immune to high currents during HPL

tests. However, the current transformers to close off the zones would
have had to be in the short circuit transformer bushings to provide full
coverage of the zone. The fact that two of the three transformers could
be switched to different 230 kV phases made differential protection on a
phase-by-phase basis prohibitively complicated.
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Fortunately, application of a differential ground overcurrent scheme
(Devices 87N1 and 87N2) was quite straightforward. Since the trans-
former CT's are parallelled to measure total current into the ground,
the phase to which the transformer 1is connected, is not important.

Unfortunately the ground differential scheme will not protect against
phase-to-phase faults (isolated from ground), or three-phase faults.
But for these faults, advantage can be taken of the fact that more than
one phase carries the fault current. The impedance of one short circuit
transformer is sufficient to clearly discriminate by magnitude of 230 kV
current, between a maximum HPL test, and a 230 kV interphase fault under
weakest source conditions. Therefore, on two phases (B and C), simple
instantaneous overcurrent relays can be set sensitively enough to
provide protection for 230 kV interphase faults under all conditions. A
higher set instantaneous overcurrent relay is applied on the other phase
(A) on which up to three transformers may be parallelled. The A phase
relay provides redundant protection against interphase faults under
normal conditions when all sources of fault current are connected. The
instantaneous phase overcurrent relays are shown as Device 50B on
Fig. 5.

Additional backup protection against all short circuit faults is
provided by sensitive open zone time and instantaneous overcurrent
relays (Device 51BS). These relays are disabled by the PC in the HPL
during short circuit tests. Since Device 51BS is not active during
tests, its time current characteristic is only limited by the require-
ment to override continuous load current and inrush current of the short
circuit transformer.

Short Circuit Transformers

As with the 230 kV bus, differential protection would have been
desirable for the transformers. However, the turns ratio of the high
voltage winding to the low voltage winding can vary from 35:1 to 6:1, so
it is not possible to provide an overall differential relay.

The 230 kV ground differential protection (Devices 87N1 and 87N2)
provides good protection for HV winding to ground faults. The 230 kV
time and instantaneous overcurrent relay (Device 51BS) provides fast
protection against high magnitude LV faults (except during tests). A
sensitive differentially connected time overcurrent relay (Device 87T)
is connected across the LV winding to detect low magnitude LV ground
faults. Tripping from this device is time-delayed to override transient
saturation of the LV current transformers. Such transient saturatioh is
expected for many tests. There is no electrical protection against
ground faults on the LV winding if it is ungrounded - which it could be,
depending on the desired test connection.

The transformer sudden gas pressure relay is depended upon to a large
extent for internal faults such as turn-to-turn faults.
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LV Equipment

This is the most difficult equipment in the HPL to protect, since by
measuring electrical quantities, it is not possible to tell the
difference between short circuit fault conditions, and short circuit
test conditions. With this fact in mind, it is recognized that the
human element must play a large part in protection of this equipment,
especially during tests.

Two Tow set instantaneous current detectors (Devices S50HL and 50LL) are
normally armed to trip the backup circuit breaker if a test is not in
progress. During tests, the current detectors are disabled by timers
which are started by the PC just before the make switch closes. The
timers are manually set before each test to time out and re-enable the
current detectors shortly after test current is expected to have stopped
flowing.

Additionally, an adjustable instantaneous overcurrent relay
(Device 50HH) is manually set before each test to a level just above the
expected test current. This device trips the backup circuit breaker
directly. If this device operates, it would indicate the current
limiting reactors, or transformer taps were incorrectly adjusted. Note

.that 50HH 1is connected to a transformer high voltage winding CT, which

is not expected to transiently saturate during tests.

It can therefore be seen that Devices 50HL and 50LL protect against
inadvertent faults during non-test periods, and improper completion of
tests (e.g. if a fuse fails to interrupt the test current within its
specified time). Device 50HH protects against incorrect test set ups.

Since Device 50HH, and the timers for Devices 50HL and 50LL must be
manually adjusted before each test, it was decided to provide additional
fixed setting protection which would be set just below the thermal
capability of the LV equipment. For the majority of equipment, a very
inverse time overcurrent relay (Device 51L) would be appropriate.
Fig. 6 shows the coordination of the protection with the thermal
capabilities of various pieces of major equipment. On Fig. 6, lines
marked "X1" to "X15" refer to short circuit current limiting reactor
capabilities. As can be seen, Device 51L does not protect some of the
current limiting reactors against overheating. Also, Device 51L resets
quickly, and does not protect any of the LV equipment against cumulative
heating caused by frequent intermittent tests.

It is intended in the future to have the PC supplement Device 51L by
monitoring which reactors are in service (by means of auxiliary contacts
on the reactor switches), and limiting the cumulative I2t to within the
reactor ratings. In Timiting the cumulative I2t, the PC will take into
account reactor cooling between tests.
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Fig. 6 also shows the protection provided by Device 51BS. Protection to
LV equipment provided by this device varies, depending on the short
circuit transformer winding turns ratio.

The current transformers for Devices 50HH and 50HL are located in the
bushing at the neutral end of the transformer HV winding instead of in
the high voltage bushing. This current transformer location means that
the relays cannot be exposed to 230 kV fault currents with an ultimate
level of 50 kA. The maximum current to which they are exposed is 4 KA,
for a short circuit across the transformer low voltage terminals. It is
easier to provide sensitive relays for Devices 50HH and 50HL §f the
short time current withstand requirements are as low as possible.

Circuit Breaker Failure

The exposure of equipment protected by the 230 kV circuit breaker 2CB30
is small. This circuit breaker is provided with a single current
operated breaker failure relay (Device 50BF) which trips the Ingledow
2MB2 bus zone.

Its a different situation for the low voltage backup circuit breaker
however. This device is expected to frequently interrupt high current
tests. Additionally, the circuit breaker used in the initial stage is a
spare bulk oil circuit breaker from the B.C. Hydro system, with limited
interrupting capability.

To Tlimit the fault duty at the backup circuit breaker to within its
interrupting capability, two current limiting reactors without bypass
switches have been temporarily located on the source side of the
breaker. These two reactors are not shown on Figs. 3 or 5. The
reactors will be made switchable and located on the load side of the
breaker when the fully rated backup circuit breaker is installed in
1986.

To improve the dependability of the current detector for the backup
breaker failure, two current detectors (50HL and 50LL) are connected in
parallel to supervise timed breaker failure tripping. The degradation
in security against false breaker failure tripping is not important,
since backup tripping of 2CB30 has no effect on the B.C. Hydro system.

ACTUAL PROTECTION APPLIED

Having decided what type of protection was to be applied at the HPL, the
next problem was to obtain suitable relays.

Acquisition of the relays for the 230 kV zone was straightforward.
Device 87N1 is a low burden solid state time overcurrent relay. Since
the 1instantanecus element of 87N1 was rather slow (>50 ms), it was
supplemented by a high speed (10 ms) electromechanical relay (87N2).
Device 50B consists of three electromechanical relays of a similar type
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to 87N2. The relatively high transient overreach of the high speed
electromechanical relays could be tolerated by setting them suitably.

Some of the other relays were more difficult to find. Device 50HH was
required to be adjustable in the range 4 to 4000 primary amps. The
relay was to be high speed, and immune to transient dc offset. Adjust-
ment of the relay setting was to be from a remote location (at the HPL
control desk) by means of a thumbwheel switch.

Device 50HL was required to be adjustable from 4 to 32 primary amps.
The relay was to have a high reset ratio and fast reset time. Its
overcurrent withstand capability was to be 400 amps continuous and
4000 amps for 5 seconds (in terms of primary current).

Device 50LL was required to be adjustable from 10 to 80 amps, and to
withstand 4000 amps continuously, 80,000 amps for 5 seconds and
100,000 amps for 0.17 seconds (in terms of primary current).

There were no problems in finding relays to meet the requirements of 51L
and 87T.

There were no commercially available relays which met the requirements
for Devices 50HH, 50HL and 50LL. Several relay manufacturers were asked
if they could provide specially built relays, but none was interested.
One manufacturer's representative summed up their point of view by
asking how many thousands of these relays would be required! An open
request for tenders for a complete protection package for the HPL was
issued, but there were no complete bids. The following compromises were
finally accepted. Although the relay adjustment ranges mentioned below
are different from those 1initially specified, they are the best
available, considering CT transient performance capabilities, and the

- short time withstand capabilities of "off the shelf" relays.

For Device 50HH, a conventional solid state relay was applied. This
relay had a continuously adjustable range of 1 to 3 times tap setting,
and three taps, giving an overall adjustment range of 1 to 15 A
(secondary current). The relay is connected to the current transformer
via a three position switch, giving three CT ratios. The overall
setting range of the relay becomes 250 to 3750 amps primary if the relay
is connected on its mid tap. If high and low taps on the relay are
used, the overall range becomes 100 to 7500 amps primary. Frequent
changing of relay taps is not recommended, to minimize wear and tear on
the relay. Only three current transformer taps were provided, to
minimize the number of switches required, and thus enhance reliability
of the scheme. The current transformer for 50HH is protected against
accidental open circuit by a metal oxide current transformer protector.

For Device 50HL, a similar type of relay to 50HH was used, but with a
different range, and with a single current transformer ratio. The
adjustment range is 16 to 240 amps primary.
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For Device 50LL, the only commercially available device that came close
to meeting the sensitivity requirements was a dc voltage relay that had
an adjustment range of 0.1 to 12 volts dc, and a continuous withstand of
150 volts dc. This relay was applied connected across a shunt and diode
bridge as shown in Fig. 7. The resultant range of adjustment was 90 to
10,600 amps (primary current).

There are no separately fused primary and standby protections in the
HPL. A1l protective relays are supplied from a common fused dc supply.
The main power supply and any individual relay subsidiary power supplies
are monitored. The Ingledow circuit breaker 2CB30 is automatically
tripped if any protection power supplies fail. This automatic tripping
on loss of power is not a normal B.C. Hydro protection practice, but is
acceptable here, because security of continuous supply to the HPL is not
vital. Additionally, all instrumentation power supplies and other
critical power supplies are monitored, and the backup circuit breaker is
automatically tripped if any of these power supplies fail.

OPERATIONAL EXPERIENCE

The first stage of the HPL has been in service since October 1984.

So far there has been one accidental short circuit. The fault was
single Tine to ground on the 230 kV buswork in the HPL, and it was
cleared by the Ingledow circuit breaker in two cycles. The fault was
caused by closing the transformer HV motor operated disconnect switch
while the transformer HV safety ground switch was closed. There was a
broken linkage between the operating mechanism of the ground switch and
the switch itself. As a result, all indicators and interlocks showed
the ground switch was open, when in fact it was closed.

There have been several occasions when Devices 50HL or 50LL have been
slow to reset after successful interruptions of the test current by the
backup circuit breaker. These occasions have resulted in unnecessary
tripping of Ingledow 2CB30, but this tripping had no adverse effects on
the tests.

Slow reset of Device 50HL has been caused by small transformer dinrush
currents after fault clearing. This inrush was not expected, since the
230 kV voltage was depressed less than 5 percent during the tests.
However, it has occurred after short circuit tests involving currents
with dc offset. The problem will be investigated further when labora-
tory time permits. ’

Slow reset of Device 50LL is caused by two factors. Firstly, the relay
has an inherent characteristic of slow reset from operating voltages
many times the pickup setting. The manufacturer's literature specified
a reset time of less than 8 ms when the applied voltage is dropped to
zero from two times pickup setting. B.C. Hydro tests on the relay
showed that the relay met this specification, but that the reset time
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increased to 80 ms when the initially applied voltage was greater than
ten times pickup setting. To alleviate the problem, a diode was placed
in parallel with the operate coil, connected in such a direction as to
limit the applied voltage to 50LL to the forward voltage drop of the
diode. This action of course limits the upper setting of Device 50LL,
but the limit is not unacceptable in this application. A second cause
of slow reset is the post-fault subsidence transient from a saturated CT
("dc-tail"), described in Section 6.5 of Ref. 1. The Reference cautions
against the use of relays sensitive to dc currents in a breaker failure
application, but at the HPL, there was no other choice. Since the CT is
not gapped core, the "dc-tail" is not large, and the problem can be
overcome temporarily by increasing the time delay before allowing 50LL
to trip. Ultimately, it is hoped to apply 50LL with a non-conventional
fibre optic CT which is being developed by B.C. Hydro Research Division.
Such a CT will not be subject to saturation.

CONCLUSION

The flexibility of the HPL and variety of tests which can be carried out
makes application of a comprehensive automatic protection system
difficult. The human element plays an important part in adjusting
protection settings to discriminate between fault and non-fault
conditions.’

It is not in the relay manufacturer's interest to develop special relays
which have only a limited market. Therefore, it is hoped that progress
in the digital relaying field will lead to the production of relays with

even broader application capabilities than are presently available.
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