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1. Background:

Protection of transformers using sudden pressure relays (SPRs) has never been a clear
cut issue. A literature review of the major papers written since 1947 indicates that the “state
of the art” in gas relaying can be summed up in these points:

e Protective relaying texts suggest gas pressure relaying is necessary to adequately
protect for turn to turn faults, but little effort is made to compare the relative
sensitivity or speed of gas relays and electrical protection for turn to turn faults

e The modeling of tank pressure due to internal faults in transformers has progressed
substantially since the first papers on the topic. Ringlee and Roberts’ paperl® in 1959
established the basic relationships between fault energy and tank pressure. This
work was further refined by Goto and Miurall?l in 1987. The EPRI report/2!l of 1995
can be considered the current reference work on the topic.

e There is a dearth of material on sensitivity and speed comparisons between gas
relaying and electrical relaying. The 1957 paper by Klingshirn, Moore and Wentz!4
was the only reference the authors could find. Many papers on gas relaying state that
gas relays are more sensitive than electrical relays (a fact which the authors will not
dispute), however, there has been little effort expended on determining the fault
energy where the electrical protection becomes faster than the gas relay. There has
also been little effort expended on comparing the sensitivity of electrical protection
against the operating quantities produced for various internal faults.

e While a reasonable amount of effort has been put into modeling internal transformer
faults to provide tank pressure as a function of fault current, it appears that no work
has been done on modeling other phenomena which may result in oil flow from the
tank or changes in tank pressure.

e The topic of gas relay security appears to have been largely ignored by the protection
community. With the exception of work done by the authors for this paper and
specialized seismic security analysis performed in Japan and New Zealand, it appears
that no formal security analysis of gas relay operations has been performed.

Significant power system outages caused by sudden pressure relays for non-fault
conditions have driven the need for a more thorough review of the performance comparison of
electrical and sudden pressure relaying. In fact, sudden pressure relay insecurity is epidemic
in many utilities but has not been adequately addressed by utilities or reliability regulators.
The attached work bridges 10 years of investigations.

2. Theoretical Aspects:

2.1 Faults in oil-filled equipment:

The subject of gas relay performance cannot be properly addressed without having some
knowledge of what goes on inside a transformer or reactor during a fault. Further, gas relay
performance cannot be fully addressed without reviewing the real world experience with
various applications. Statistical analysis of faulted transformers can be used, but due to the
low failure rate of power transformers, one either needs a very large sample population or a
very long observation period! in order to reach conclusions with any certainty. However, the
statistical analysis has pointed to the need for a deeper technical analysis, since the findings
are not consistent with past assumptions of gas relay performance. To start the analysis, the

! Analysis of approximately 12,000 transformer years of in-service data yielded 57 transformer failures. Only 35 of
these failures involved transformers which had any fast electrical protection.
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fault process inside the transformer must be modeled. This will allow meaningful comparison
of the sensitivities of the various protective elements for a given fault.

2.2 What the textbooks say:

According to most textbooks on transformer protection, the gas relay (gas accumulation,
sudden pressure or sudden flow) is an integral part of transformer protection, seeing faults
that normal electrical protection schemes cannot detect. By sensing gas production inside the
transformer tank, gas relays are considered to be able to provide sensitive notification of fault
conditions which do not result in major changes to the electrical quantities in the transformer.

According to textbooks, the three main types of faults that gas relays protect against are
turn to turn faults, ground faults near the bottom of the winding and arcing faults inside the
tank. In all these cases, gases are produced by the decomposition of oil due to fault energy,
but the changes in terminal currents are considered to be small. Under these conditions, the
increased sensitivity of the gas relay is said to allow these faults to be detected reliably.

A somewhat contrarian view is presented by Anderson(25, who states “Problems with the
gas actuated relays can arise if the settings are too sensitive, such that the relay is tripped due to
shock, vibration, or earth tremors. These relays are generally rather slow to operate unless the
fault is quite severe. Many relay engineers use the gas actuated relay as a backup to electrical
relays, which are usually faster for internal faults.”

Very little is said about other phenomena which would cause gas relays to misoperate,
nor is there performance comparison between the various styles of gas relay.

3. Practical Aspects of Gas Relay Performance:

3.1 How the sudden pressure relay works:

With the exception of the Buchholz style of gas relay (which responds to flow rather than
pressure), most sudden pressure relays are essentially overpressure relays which are modified
via a bypass mechanism to make them insensitive to slow pressure variations.
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Figure 1 — Sudden pressure relay response curves

There are three distinct regions to the typical sudden pressure relay response curve. In
the center of the curve (the constant pressure region), leakage through the bypass mechanism
is insignificant (due to the high rate of rise of external pressure) and the relay basically
responds directly to applied pressure. As the bypass mechanism is adjusted to desensitize the
relay, the constant pressure region gets smaller and smaller. On the right hand side of the
curve (lower applied dP/dt), the effect of the bypass mechanism is to balance the pressure on
both sides of the actuating mechanism, thus requiring a constant rate of pressure increase to
maintain a constant pressure in the actuating mechanism. Therefore, the right hand side of
the curve is asymptotic to a constant dP/dt line. On the left hand side of the curve, the
mechanical inertia of the relay’s internal components comes into play. This results in ever
increasing rates of pressure rise being required to achieve a marginally shorter operate time.
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Figure 2 — Operating modes of a sudden pressure relay

3.2 Fluid inertia effects:

The sudden pressure relay used in the BC Hydro power system is a combined sudden
pressure and gas accumulation unit. Due to the requirement to mount the relay in a location
where it can collect evolved gases, there is a need to connect the relay to the transformer tank
via a segment of pipe.

During the simulation studies, it was discovered that the mechanical inertia of the oil in
the relay piping can delay tripping. The sudden pressure relay is typically connected to the
high point of the transformer tank using %” (or larger) ID piping. Runs of 1.5 to 5 metres from
transformer to relay are typical. When a force is applied to the oil in the tank, that force
initially acts solely to accelerate the mass of oil in the pipe, according to Newton’s laws. The
relay/piping combination can be considered as a mechanical RLC circuit, with fluid friction
acting as the damping resistance, the mass of oil in the pipe acting as inductance, and the
operate mechanism in the sudden pressure relay acting as capacitance. This tuned
mechanical circuit appears to have a resonance in the sub-audible range2. The phase shift
from this resonance delays the pressure rise at the gas relay, which results in delayed tripping
of the sudden pressure relay relative to one mounted directly on the tank wall. The figure
below shows the time delay caused by 2m of 3%” piping for a fault which results in 100 psi/sec
of applied pressure. Tripping is delayed by over 2.5 cycles in this case. Another consequence
of the piping resonance is that sensitivity may actually be increased for low level disturbances,
since the oscillations in the pipe can temporarily push the pressure at the relay above that in

2 In the simulation studies, a 1 m length of pipe resulted in a 3.4 Hz resonance, a 2m length of pipe resulted in a 2.5
Hz resonance and a 5m length of pipe resulted in a 1.5 Hz resonance.
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the tank. This phenomenon may be a key contributor to explaining the disparity between the
theoretical performance of the sudden pressure relay and its recorded performance in service.
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Figure 3 - Time delayed tripping due to 2m of piping

3.3 Misoperation modes of gas relays:

3.3.1 Sudden pressure relays:

Sudden pressure relays, by design, respond to sudden changes in pressure inside the
transformer tank. During an external (or through) fault, fault currents result in forces on the
windings and also on the tank walls (due to leakage flux). If the blocking in the transformer is
inadequate or if the tank walls are flexible, the magnetic forces will result in pressure waves in
the oil. This phenomenon appears to be more prevalent in smaller, lower voltage transformers,
partially because these transformers are not built as robustly as larger transformers and
partially because of the higher fault rates on distribution systems compared to transmission
systems. Inadequate mounting of the sudden pressure relay can also result in vibration
induced misoperations, as tank vibration can be amplified by relay mounting structures.

Earlier versions of sudden pressure relays which used mercury switches were quite
sensitive to vibration. These switches have been replaced with microswitches and reed
switches in newer versions. The fact that the relays are relatively insensitive to vibration,
however, does not necessarily mean that they will not misoperate when the transformer is
subjected to vibration, as the movement of the oil in the transformer and external piping also
has to be considered.

Pump starts in forced oil cooled transformers are another prevalent cause of sudden
pressure relay misoperations. This is typically addressed after the fact by the use of auxiliary
time delay relays to stagger the starting of multiple pumps on the same transformer. Careful
attention has to be paid to the design of the circuit to ensure that it will not start all pumps
simultaneously under abnormal conditions. A better choice is the use of soft-starters, or pump
motors with low starting torque.
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Earthquakes and other strong vibrations are another cause of sudden pressure relay
misoperation. It is suspected that this is a result of the movement of fluid columns in the tank
and piping. Some Japanese utilities have added seismic detector blocking to their sudden
pressure relays to eliminate the wide area outages caused by low-level seismic events.

Finally, in combined sudden pressure / gas accumulation relays, personnel sampling gas
from the accumulation element may cause a sufficient change in internal pressure at the relay
to accidentally operate the sudden pressure element. Test switches are normally provided to
be opened prior to personnel taking such samples.

3.3.2 Sudden flow relays:

Sudden flow relays sense flow of oil rather than changes in oil pressure, however, they
are susceptible to many of the same phenomena as those observed in sudden pressure relays.
In the case of sudden flow relays, it appears that the main contributor to misoperations is the
flexibility of the tank walls. In a through fault, leakage flux will attract the tank walls, which
results in pulsing forces on the tank walls at twice the power system frequency. This will
result in a pulsing flow of oil into the conservator which has a non-zero average.
Measurements taken in Switzerland show a sudden flow relay chattering at 100 Hz during a
through faultl22].

In addition, sudden flow relays may misoperate during earthquakes. This is most likely
caused by the vertical component of ground acceleration. As the transformer accelerates
upwards, the inertia of the oil against this acceleration causes the tank to bulge, drawing oil
into the main tank from the conservator. When the transformer accelerates downwards, the oil
is forced upwards into the conservator, which may then trigger the sudden flow relay. It
should be possible to model this misoperation mode and determine the seismic limit for a
particular tank plus relay combination.

3.3.3 Gas accumulation relays:

Gas accumulation relays are typically installed to alarm for very slow gas production in
oil-filled reactive equipment. They tend to misoperated when external circumstances allow gas
to enter the transformer. If there is insufficient oil in the conservator, cold weather can allow
the oil level to drop below the relay piping, allowing air into the relay. Air can also be trapped
inside oil filled equipment as it is being filled, although vacuum filling should eliminate this
problem. Clogged breathers can also allow air to enter the transformer in unintended locations
(badly sealed gaskets) when the equipment cools and draws an internal vacuum.

3.3.4 Pressure relief devices:

Pressure relief devices are fairly straightforward. They will only tend to misoperate if
internal pressures are allowed to exceed the rating of the relay. This can happen if breathers
are clogged, if the transformer is overfilled with oil (leaving no room for expansion on hot days),
or if the transformer manufacturer neglects to take into account the pressure of the oil above
the relay.

4. Reliability Analysis of Sudden Pressure Relay Performance:

IEEE Standard C37-100-1981 defines reliability as “A measure of the degree of certainty
that the relay, or relay system will perform correctly. Note: Reliability denotes certainty of correct
operation together with assurance against incorrect operation from all extraneous causes. See
dependability; security”. Dependability is further defined as “The facet of reliability that relates
to the degree of certainty that a relay or relay system will operate correctly.” and security is
defined as “That facet of reliability that relates to the degree of certainty that a relay or relay
system will not operate incorrectly.”.

® Gas accumulation relays are usually only wired to alarm, however, false alarms may still cause forced outages of
the transformer, albeit possibly at a more convenient time.
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The tradeoff between dependability and security is expressed well by Walt Elmorel1¢], who
states “Unfortunately, these two aspects of reliability tend to counter one another; increasing
security tends to decrease dependability and vice versa.”.

Two independent analyses were performed on the sudden pressure relay. One focused on
the dependability aspect (does the relay operate during fault conditions?) and the other focused
on the security aspect (does the relay refrain from operating during non-fault conditions?).

4.1 Dependability analysis:

Mazzuca and Young performed a dependability analysis on the sudden pressure relay
used by BC Hydro in 1994[20l. This study started with a historical record of known transformer
failures, then reviewed the disturbance analysis for each failure to determine how dependably
the sudden pressure relay operated for internal faults compared to the other protections in
place on the transformer.

Before we can begin the analysis of the data, we must understand some of the
performance subtleties of the current operated flagging scheme used in the majority of the
transformer protections reviewed. The properties of the flagging scheme and the trip bus seal-
in determine which relay flags will drop when multiple relays operate. This has an obvious
impact on the analysis of the failure data. The current operated flagging units require a certain
minimum amount of current to pass through them before they will drop the flag. In order to
ensure that the devices on the trip bus draw sufficient current to operate the flags, a resistor
(R) is added from the trip bus to the negative DC supply. The resistor is sized to draw
sufficient current to operate at least two flag relays simultaneously. 35 ms after the trip bus is
energized, the seal-in relay 95X picks up to ensure a minimum duration trip signal. However,
as a result of sealing-in, the 95X relay shorts out the flagging units so that they will no longer
operate. Relay 95Y picks up 100 ms after the trip bus is energized in order to unlatch 95X. In
addition, the indicating instantaneous trip (IIT) flags in relays like the CO and HU are operated
via CT currents, so the tripping contacts have no additional impedance in series with them.
Because of this, they tend to “hog” the trip bus current and will prevent other targets from
operating for simultaneous contact closure.

DC +
l lReIay 1 lReIay 2 lRelay 3 lReIay 4
95X 1T

n

R L1LLL
6 @ Or777

Breaker tripping, etc...

%; 95Y
DC -

Figure 4 - Typical current operated flagging scheme

As a result of this, only the first two relays to operate in a given protection will flag
reliably, and then only if the second relay operates within 35 ms of the first. Additionally, no
flags will drop after an IIT flag operates or while the 95X relay is picked up. Therefore, the
absence of any given flag during a disturbance can be interpreted four ways. Either the relay
in question did not operate, an instantaneous relay operated (and flagged) before it, at least two
other (non IIT) relays operated before it, or it operated more than 35 ms after the first relay.

Barone & Young Sudden Pressure Relaying Revisited Page 7



The study was revised in 2001 to include additional transformer failures which occurred
in the 1994 — 2001 period. The results of the analysis are shown graphically below.
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Figure 5 - Transformer dependability analysis

Notes:

1) The three transformer failures for which neither the electrical protection nor the
sudden pressure relay flagged all involved tapchanger mechanism failures. These
three failures were all detected by the pressure relief valve mounted on the
tapchanger tank.

2) There were two transformer failures for which only the sudden pressure relay
flagged. In the first of these, a through fault (metal flashing fell onto the tertiary bus)
combined with inadequate winding blocking resulted in winding damage to the
transformer. This event was discarded from the statistical analysis because even
though the transformer was physically damaged during the event, the actual fault
was external to the transformer. In the second event, a 25 kV bushing failed. This
fault was theoretically visible to the electrical protection (CTs feeding the differential
protection were mounted in the low and high side breakers, not the bushings). The
flag report for this failure contained inconsistencies, so further analysis was difficult.

3) The four transformer failures for which neither the electrical protection nor the
sudden pressure relay flagged all involved tapchanger mechanism failures. Three of
these failures were detected by a pressure relief valve and the fourth by a sudden
flow relay.

4) There were two transformer failures for which only the sudden pressure relay
flagged. The first was an internal fault due to water ingress and the second was a
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bushing failure. Both faults were theoretically visible to the electrical protection on
the transformer.

5) Burrard Thermal T15 was taken out of service due to a gas accumulation alarm. A
turn to turn fault was subsequently found on the transformer.

6) Tahsis Village T2 tripped out twice. The events were four days apart and both faults
were caused by crows on the 25 kV bus. The 25 kV bus protection cleared the fault
both times. Inspection showed that the transformer flashed over internally at the
linkboard during the faults and was subsequently scrapped.

The analysis of the data is made difficult by the small sample sizes. For example, we can
test the hypothesis that no transformers with redundant fast differential relaying were “saved”
by the sudden pressure relay by computing a 95% confidence interval31l4, When we do this, we
find that the probability that the sudden pressure relay “saved” the transformer is between O
and 31%, even though there were no events in the sample population. However, if we group
the data for redundant fast differential relays with that for single fast differential relaying, we
can take advantage of the larger sample size. Adding the two groups together gives us one
event (see Note 2 above) where the sudden pressure relay “saved” the transformer, and 33
events where some other protection operated. Assuming a binomial distribution and
calculating the 95% confidence interval narrows the range of theoretical probabilities to
between 0.07% and 15%.

In addition to the data on transformer failures, data was also collected for oil-filled reactor
failures in the same time period.

5 Failures B SPR and Elec PN both flagged
OElec PN flagged but SPR didn't
B SPR flagged but Elec PN didn't
OA different protection cleared zone
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Figure 6 - Reactor dependability analysis

* The equation used is (1-p)" = (1-c), where c is the confidence interval (here 95%), n is the sample size and p is the
cutoff probability value being calculated.
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Notes:

1) The reactor failure for which only the sudden pressure relay flagged involved a
winding fault on a 230 kV shunt reactor.

2) The two reactor failures for which neither the sudden pressure relay or the electrical
protection flagged involved core grounds which were detected by a gas accumulation
relay.

3) The 32NR-SRG electrical protection is a directional overcurrent element set for turn
to turn fault protection!(!1l.

Due to the very small sample size, it is especially difficult to come to any solid
conclusions here. Even grouping all the protection types together only allows us to come to the
conclusion that we can be 95% sure that the sudden pressure relay is less than 48% effective
in protecting the equipment. In addition, there are known security problems with existing
shunt reactor electrical protections that have resulted in the addition of delayed tripping and
inrush trip blocking to the 32NR-SRG electrical protection. In the shunt reactor protections
reviewed, the sudden pressure relay is the only sensitive relay element which is allowed to trip
instantaneously.

4.2 Security analysis:

A security analysis of non-electrical protection was performed in 1999 and revised again
in 2001. This study looked at all incidents where operation of a non-electrical protection
(sudden pressure, sudden flow, gas accumulation) resulted in a forced outage of a transformer
or shunt reactor zone, then determined whether or not the outage was the result of an internal
fault, or a relay misoperation. 258 system disturbance reports were found that involved a
forced outage initiated from non-electrical protection.

4.2.1 Sudden pressure relay security analysis:

217 of the 258 outages were initiated by sudden pressure relays. 27 of these 217 outages
(12.4%) were determined to be caused by failure of the protected equipment. The other 87.6%
were considered misoperations. A chart listing the breakdown of these misoperations is
enclosed below:

Personnel Through Faults Water & Wiring Pump Starts
30.0% 15.8% 15.3% 11.1%

Earthquakes & Vibration
Other & Unknown
Bad Setup 3.7%
Temperature 2.1%

Figure 7 - sudden pressure relay Element Misoperation Breakdown

The largest single reason for false tripping from the sudden pressure relay was personnel
errors (30.0%). These usually involved electrical staff failing to open the trip blocking switch
before adding oil to the transformer, taking gas or oil samples, or working on the relay. The
second highest contributor to sudden pressure relay misoperations was through faults (15.8%),
followed by water ingress and wiring problems (15.3%).

It would be tempting to consider a series of programs to address these individual
problems, however, one should note that if all known sources of misoperations were completely

Barone & Young Sudden Pressure Relaying Revisited Page 10



and successfully eliminated, the historical misoperation rate would still be approximately
35%:.

4.2.2 Gas accumulation relay security analysis:

41 of the 258 forced outages were initiated by gas accumulation relays. These are forced
outages via operator action upon receipt of a gas accumulation alarm. 10 of these 41 outages
(24.4%) were determined to be initiated by failure of the protected equipment. The other 75.6%
were considered misoperations. A chart listing the breakdown of these misoperations is
enclosed below:

Water & Wiring Trapped Air
29.0% 25.8%

Other & Unknown
19.4%
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Figure 8 - Gas Accumulation Relay Misoperation Breakdown

The largest single category for gas accumulation element misoperations was water ingress
and wiring related problems (29.0%). This was followed by trapped air (25.8%) and oil
loss/low oil (19.4%). Since the accumulation relay is set to alarm in the majority of
installations, most transient operations do not result in the equipment being removed from
service. This is the reason for the much lower rate of personnel errors on the accumulation
element compared to the sudden pressure element.

4.2.3 Security during seismic events:

The issue of security during earthquakes is important enough to be addressed separately.
Unlike most other causes of gas relay misoperation, which tend to cause misoperations at
random throughout the entire population of gas relays, the vibration from an earthquake may
make several gas relays in a given geographic area misoperate simultaneously. Since utilities
do not generally plan for multiple contingency outages, the simultaneous tripping of multiple
transformer / reactor protective zones can cause a major system disturbance. The following

incidents describe the major outages in BC Hydro caused by gas relay misoperations during
earthquakes.

e On Mar 21, 1986, three reactor protections at a major 500/230 kV switching
substation tripped simultaneously due to an earthquake of magnitude 5.4. The
epicenter of this earthquake was 61 km north-east of the substation, 10 km
underground. The reactor protections tripped three 500 kV lines. The remaining 230
kV line between the substation and the load center tripped on a power swing,
resulting in a system separation.

e On Sep 19, 1993, two transformers at a major 500 kV substation tripped
simultaneously due to an earthquake of magnitude 3.8 centered 5 km east of the
substation and 15 km underground. This resulted in the complete blackout of a
major S00 kV station. Had the system load been higher at the time, this outage may
have been the trigger for a large scale collapse of the power system.

e On June 24, 1997 transformers at Port Alberni and Sechelt tripped out for a
magnitude 4.6 earthquake centered 20 km south-southwest of Gibsons.

® There were 15 misoperations of unknown cause and 27 correct operations of sudden pressure relaying in the
database.
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e On Feb 28, 2001, five transformers in -
three distribution substations in the
Lower Mainland and Vancouver Island Sechalt H =
areas tripped simultaneously due to an Por Albarni sfancouver 88 Prince
earthquake of magnitude 6.8 centered in MEnaimo
the Olympia peninsula of Washington
state, approximately 150 km from the Duncan
nearest BC Hydro substation (see Vicioria
diagram). All load at one of the
distribution substations was lost (25,000
customers for 80 minutes). System
redundancy prevented any customer uSeatle
outages at the other two substations.

It should be noted that none of these events % *

was associated with a major (magnitude 6 or !

higher) earthquake inside the BC Hydro system. i km
It is assumed that a major earthquake in the ] o C 1mo
Lower Mainland or Vancouver Island areas would i Dt

result in widespread tripping of transformers, shunt reactors and associated line protection
zones. In addition, some of the relays that false tripped during previous earthquakes were
already desensitized (to prevent false tripping on cooling pump starts) which indicates that
desensitizing the relays is not a viable solution to the seismic dilemma.

Fovwa I, H var
L]

200

There are three possible ways to reduce the impact of earthquakes on the security of the
BC Hydro power system. First, sudden pressure tripping could be removed entirely, provided it
could be shown that the remaining protection is fully adequate. The second possibility is to
supervise the sudden pressure element with some sort of earthquake sensor to block tripping
in the event of ground motion. Finally, on reactor protections where fully adequate protection
outside of the sudden pressure relay can not be shown, the sudden pressure relay could be
ANDed with the unsupervised output of the turn to turn fault protection relay (32NR-SRG) to
create one secure protection out of two less secure ones.

5. Speed and Sensitivity of Electrical vs. Mechanical Protections:

The results of the security study and dependability study, while certainly thought-
provoking, tend to be a little light on statistical significance. However, the results of these two
studies do appear to fly in the face of accepted thinking on the importance of sudden pressure
relaying, or at least, common practice. At first glance, it would appear that the sudden
pressure relay should have much higher dependability than it has exhibited in service. To
shed some light on this apparent paradox, simulations have been run for a number of fault
conditions to compare the speed and sensitivity of the mechanical relaying to that of the
electrical relaying.

5.1 Simulation methodology:

The simulations were run on an integrated parameterized model of the transformer (or
shunt reactor) and its mechanical protection. The response of the electrical protection was
determined separately given the terminal currents produced by the transformer fault
simulation. The mechanical simulation methodology was derived from EPRI report TR-
104994s[21] and was as follows.

The arc inside the tank was modeled as a constant voltage drop per unit length (the arc
voltage is considered to be a square wave). The arc current is assumed to be sinusoidal and

& Tank flexibility can be measured by applying a pressure or vacuum to the conservator breather and measuring the
change in oil level in the conservator for a given applied pressure.
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the arc is assumed to be resistive. Different arc energy models are used for high and low power
arcs. In the high power arc model, the energy at each timestep is calculated by performing a
trapezoidal integration of the voltage-current product across one timestep. This demands a
simulation timestep substantially shorter than 1 cycle to prevent numerical error. The low
energy arc model determines the RMS power P once by integrating the voltage-current product
across one cycle. The simulation then uses PeAt as the instantaneous arc energy at each
timestep. This model trades off short term waveform accuracy for long term numerical
efficiency (ie: it allows longer timesteps to be used for simulating very low level faults). Both
models result in the same final pressure in the tank for a given fault current and voltage.

The arc energy dissipated inside the tank is assumed to be split into two components —
one which results in the dissociation of the transformer oil into various gases and another
which results in heating of these gases. In this simulation, it is assumed that 78% of the arc
energy goes into creating gases and only 22% is available to perform work on that gasl?!l. The
energy put into the gas manifests itself as expansion of the gas. The balance between the
amount of gas generated and the volume available for that gas to expand into determines the
tank internal pressure. The creation of additional tank volume occurs due to three phenomena
— flexing of the tank walls, oil flow from the main tank into the conservator and oil flow out of
the tank pressure relief valve. The transformer tank walls flex as the pressure increases inside
the tank, which creates room for gas expansion. For high fault levels, only this term needs to
be taken into account. The final two sources need to be taken into account in order to
accurately simulate low level faults and to determine the performance of sudden flow relays.

5.2 Simulation approximations:

One major difficulty that was encountered in performing the simulations was that of
determining the value of certain parameters for the transformers. Due to the limited time and
budget available for doing these simulations, it was not possible to measure all of these
parameters or pay manufacturers to derive them. Accordingly, approximations had to be used
for these values.

Tank flexibility is a very important parameter, as it determines the tank pressure rise for
a given amount of gas generation. This parameter can be fairly easily determined by field tests®
for a given transformer, but doing so was outside of the scope and budget of this project. The
EPRI studyl2ll quoted tank flexibility coefficients in the range of 200 to 720 1/atm (2.04 x 10-¢ to
7.11 x 106 m3/Pa), so these were used.

The flow characteristics for pressure relief valves are also important, but were also
difficult to obtain. Only one data point was available from the factory for the pressure relief
valve used by BC Hydro — 8,400 SCFM for a 10 psig unit operating at 15 psi. When one
realizes that this measurement was taken with air and not transformer oil as the fluid under
pressure, the number becomes virtually useless for simulations. In addition, due to the
construction of the unit, the orifice area is a function of the applied pressure, so an iterative
process would be required to derive a flow curve for the unit. Therefore, an approximate
approach was taken. The flow area of the fully opened pressure relief valve is ring-shaped,
with a diameter of approximately 15 cm and a height of 2.3 cm. This orifice has an area
equivalent to that of a circle of 12 cm diameter. However, due to the fact that fluid friction is
dependent on the surface area of the pipe, one more adjustment had to be made. By dividing
the perimeter of the orifice by the area, one can derive an equivalent diameter of round pipe
that will have the same flow characteristic as the pressure relief valve in question. In the final
simulation, the pressure relief valve was modeled as a 6.1 cm diameter pipe, which opened
fully when pressure exceeded the relay setting. Additional fluid resistance was also added to
compensate for the 90° - 180° turn which the fluid has to make when leaving the valve body.
This final model had a flow characteristic which agreed reasonably well with that calculated by
SERGIR9. It is important to note that the fluid loss from the pressure relief valve does not
substantially affect the tank pressure while the fault is still energized, so the simulation of the
pressure relief valve does not materially affect the simulated speed of the sudden pressure
relay
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The currents in the arc and at the transformer terminals for
a turn to turn fault are also difficult to determine.

w
Manufacturers (who have the design data to accurately calculate § :::
these currents) do not appear to calculate this as a matter of £ %
practice when designing a transformer. Klingshirn, Moore and o oo
Wentz¥ state “.. a single turn short circuited in the part of the £ 00 /
winding most remote from the excited winding indicates a fault :o.os ]
current in the source of the same order of magnitude as full load E | //
current...” and give a graph of expected values for a certain style 3 %%
of transformer construction (see right). Bastard['8l gives a g ooz
method for calculating these currents, however, exact calculation £ o

0O 20 40 6 80 00 120 40

of these currents requires knowledge of the internal geometry of
THREE PHASE RATING IN MVA

the transformer windings in order to calculate certain )

parameters. Luckily, the papers by Kezunovicl?8l; Kezunovic, :::::;?:::::":ﬁ:::::“ ;::i':d Curves are
Kasztenny, Galijasevic and Williams/20l; and Wang and Butler(27] based on a 75-volt arc, which indicated that
give reasonable approximations for these values and also show the "':::‘:::’ potlow sbost 10 megavolt
that the values of these approximations are not critical.

Bastard’s method, as modified by Kezunovic, was used for modeling transformer faults. A
slightly less rigorous model was used for shunt reactor fault simulation.

Finally, the voltage drop of the arc in the oil is an unknown. Most of the studies on
arcing faults in oil have concentrated on circuit breaker arc extinction, rather than faults in
transformers. For simplicity, a fixed voltage drop of 75 V has been assumed (150 V for some
multi-turn faults), as arcing distances for turn to turn faults should be low.

5.3 Reactor fault simulation:

Simulations were run for turn to turn faults on two different reactors, a 500 kV 135 MVA
unit (Reactor #1) and a 12 kV, 75 MVAR unit (Reactor #2). In both cases, a single shorted turn
was simulated. The fault was modeled as a constant 75 Volt arc drop as per Klingshirn, Moore
and Wentzl*l and coupling factors between the shorted turn and the rest of the winding were
taken from Kezunovicl28l. Winding resistances were allocated according to the turns ratio and
winding inductances were allocated according to the square of the turns ratio. The source
impedance of the system was modeled as a series R-L circuit derived from system fault levels
(Reactor #1) or the impedance of the connected transformer (Reactor #2). The prefault data for
Reactor #1 is shown below to verify the model.
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Figure 9 — Reactor #1 prefault voltages and currents

Note that the total RMS current is approximately 148 A, which corresponds to 135 MVAR
on a three phase basis and matches the nameplate value. A simulation was then run with a
fault across one turn (2,022 turns total per phase).
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Figure 10 — Reactor #1 fault voltages and currents

Once a fault has been applied across a single turn, we can see 62,000 A of fault current
in the shorted turn. This corresponds to approximately 3.7 MW energy dissipation in the arc
and another 5 MW dissipated in the winding resistance. The fault current is mainly resistive?,
so the line current increases by only 3.5 A, even though the scaled value of the fault current is
31 A. Due to the cancellation of the reactive portion of the phase currents, the scaled fault
current shows up almost perfectly as 3Ip, although there is a slight phase shift caused by the
now unbalanced reactance of the reactor. This level of 3]y is sufficient to operate the turn to
turn fault protection. The 32NR-SRG relay will trip in approximately 1.2 cycles, although the
32NRT tripping timer used to override CT and transient switching effects delays the breaker
tripping by an additional 15 cycles.

Once the fault current was determined, the tank pressure simulation was run. Since the
fault current in the electrical model is non-sinusoidal and the fault current in the tank
simulator model is assumed to be sinusoidal, the current parameter in the mechanical model
was adjusted (approximately 12% reduction) to provide the same arc power as the electrical
model. The simulation was run for tank flexibilities at both ends of the range and a 1m length
of pipe (in practice, almost always longer than 1 m) was assumed to be connected between the
sudden pressure relay and the tank. The sudden pressure relay operate time for this fault was
between 2.9 and 4.2 cycles. The pressure relief valve operate time was between 4.0 and 14.5
cycles.

° Note that the arc in this model is a resistive load by definition. In addition, the resistance of the shorted turn is 1/n
times the resistance of the total winding, but the inductance of the shorted turn is 1/n* times the inductance of the
total winding, so as the number of shorted turns decreases, so does the X/R ratio of the fault.
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Figure 11 — Reactor #1 @ 200 l/atm
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Figure 12 — Reactor #1 @ 720 l/atm

The exercise was repeated with Reactor #2. The main differences in this simulation from
the previous one are the lower number of turns on the reactor (74 turns per phase on the 12
kV reactor vs 2,022 turns per phase on the 500 kV reactor), the lower volts/turn of the reactor,
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the higher relative source impedance and the lack of a zero sequence current path (Reactor #2
was connected to a delta connected 12 kV transformer tertiary winding).

15,000

-10,000

Terminal currents (A)

400,000

-400,000

Current in shorted turn (A)

Figure 13 — Reactor #2 fault voltages and currents

The lower number of turns and the higher source impedance manifest themselves as
increased voltage distortion and a more visible change in the high side terminal currents. The
A phase current increases from 3,500 A to 4,870 A. This 39% phase imbalance is sufficient to
pick up the phase imbalance relay, which is set at 12%. The current in the shorted turn is
approximately 220 kA. The power dissipated in the faulted turn is 1.84 MW and the power
dissipated in the arc is 13.6 MW.
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Figure 14 — Reactor #2 @ 200 l/atm
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Figure 15 — Reactor #2 @ 720 l/atm

When the arc current is entered into the tank simulation model, very high values of dP/dt
resulted (up to 500 psi/sec peak for the stiffer tank). The operate time of the sudden pressure
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relay for this fault lies between 2.1 and 2.9 cycles, assuming the relay is connected to the tank
via 1 m of %” pipe. The phase imbalance relay, although sensitive enough to see this fault, has
a very long operate time (estimated at 3 seconds for this condition). If the fault did not evolve
further with time (an unlikely scenario, considering the power dissipation in the tank), the
operate time of the pressure relief valve would be between 1.1 and 4.0 cycles, which compares
favorably with that of the sudden pressure relay. In this case, it can be seen that the electrical
protection applied to the reactor does not provide adequate coverage for turn to turn faults and
that the non-electrical protection provides the necessary high-speed fault clearing.

5.4 Transformer fault simulation for a turn to turn fault:

Transformer internal fault simulation is more complicated than reactor fault simulation
due to the larger number of windings. The electrical simulation was subcontracted to a firm
with experience in simulation of internal transformer faults. This firm was chosen due to their
development of a tool for automated creation of faulted transformer models2¢l. The simulation
methodology was as follows:

5.4.1 Simulation methodology:

Transformer nameplate and commissioning test data (voltage ratings, winding
configuration, excitation losses, winding resistance and short circuit impedances) were used to
create an ATP10 model of the unfaulted transformer. Open and short circuit tests were then
performed on this model to verify the model’s accuracy. A basic system model (two infinite
buses, connected through zero and positive sequence system impedances to the transformer)
was then added and the system tuned to produce approximately 1 pu current flow through the
transformer. The winding interleaving was then evaluated to determine the smallest turn to
turn fault possible on the winding. This number was then divided by the number of turns per
winding to provide a fault size (in percent of the winding), which was then entered into TFAA1!
along with the unfaulted transformer model. The TFAA program then produced a faulted
transformer model, which was reintegrated into the basic system model along with a fault
model (a switch to initiate the fault in series with a constant voltage drop load to represent the
arc). The faulted model was then run in ATP. Outputs of the ATP run were voltage and
current phasors at all transformer terminals, in addition to current in the faulted turn(s).

The transformer terminal current phasors were then entered into a numerical model of
the transformer protection to determine whether the electrical protection would operate, and if
so, how quickly. The arc current was entered into the tank simulation model (the same model
used in the reactor simulations) to determine the reaction of the non-electrical protection to the
same fault.

The protection model consisted of two sets of equations — one which determined whether
the simulated relay would trip, and a second set which determined the operate time in the
event of a trip decision from the first set of equations. The equations for the electromechanical
relay were obtained by curve fitting equations to the published charts in the relay instruction
manual (differential characteristic and trip time vs operate current). The equations for the
numerical relay were taken from the instruction manual and modified by the in-service relay
settings.

Three different styles of non-electrical protection were modeled within the tank pressure
simulation. The most straight-forward simulation was that for the pressure relief valve, which
was modeled as an instantaneous pressure sensing element (set at 5 psi above prefault tank
pressure) with a 0.5 cycle tripping time delay. Although none of the transformers have sudden
flow relay protection, the operate time of a sudden flow relay was also simulated to give some
insight into the relative speed of these two styles of non-electrical relaying. The sudden flow
relay simulated had a 100 cm/s trip setting and was connected via 2 m of 2” pipe!2. The

19 Alternative Transients Program. This program is functionally equivalent to EMTP.

! Transformer Fault Analysis Assistant.

12 One interesting insight gained is that the speed of sudden flow relaying does not appear to depend on the diameter
of the pipe used to connect the transformer to the conservator (assuming the relay size matches the pipe size). In the
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velocity of the oil in the conservator piping was determined by numerical integration of the
force (pressure x area — head loss due to fluid friction) applied to the oil at the end of the pipe
and the relay was assumed to trip when the oil velocity exceeded the trip setting!3. The
simulation for the sudden pressure element was the most complicated of the three. First, the
behavior of the relay under constant dP/dt was simulated by fitting equations to the published
operate time vs dP/dt curves. Next, the relay was assumed to be a set of spring loaded bellows
at the end of a pipe and the motion of fluid in the pipe was simulated (using Newtonian
physics) to calculate the pressure and dP/dt at the relay (which differs from the tank pressure
during dynamic conditions). Finally, at each timestep in the simulation, the operate time was
calculated from the relay equations for the instantaneous value of dP/dt at the relay and this
operate time was divided by the simulation timestep to give a percentage that the relay was
assumed to have operated during that timestep. This quotient was then numerically integrated
across time. When the integral exceeded 100%, the relay was considered to have operated.

One final piece of information needed for the simulation is how the windings are
interleaved on the transformer. The term “interleaving factor” is used here to describe the
number of electrical turns between adjacent — —
physical turns of a single winding. In the — | |

drawing, the windings are made up from. two clelalz]zle]z2]5]: c ; 4 i 3 (1) 21l
separate conductors (white and grey) which N .
are interleaved and then interconnected to r r ||

. . . 9 1{1(1)11|1|1]|1 1 5 1 6 1 7 1 8
form one continuous winding. The e slolalalsl2]s els 2 5 p

numbering of the turns indicates the path
current takes through the winding, and Single Interleave Double Interleave
therefore, the electrical turn number. The - _
winding on the left has an interleaving factor of 4, while the winding on the right has an
interleaving factor of 8. The interleaving factor therefore gives a practical lower limit for the
number of electrical turns which can be involved in a turn to turn fault.

5.4.2 Transformer #1:

The first transformer to be simulated was a 230 - 69 kV Y-Y three phase autotransformer.
The H winding has an interleaving factor of 4, so H-winding faults of 4 turns, 8 turns and 16
turns were simulated. The X winding has no interleaving, so X-winding faults of 1, 2 and 5
turns were simulated. The sudden pressure relay is set at 5 psi/sec (our standard desensitized
setting for transformers with forced oil cooling) and is connected to the tank by the equivalent!4
of 1.7 m of %” pipe. The H and X winding currents for the case of the 4 turn H winding fault
are shown below!5.

time scales of interest, fluid friction is swamped by the inertia of the fluid column, so for relays having the same trip
setting, the main variable of interest is the length of the piping from the tank to the conservator.

3 In reality, the sudden flow relay is probably a bit slower than the simulation results. While the times for the
sudden pressure and differential relays are based on analysis of the manufacturer’s published operating speed
curves, the sudden flow relay simulation is based solely on the manufacturer’s factory trip setting, and therefore
neglects inertia effects in the relay operating mechanism.

1 The relative time delay introduced by the piping is inversely proportional to the area of the pipe. Transformer #1
has approx. 2.75 m of 2" pipe, 1.8 m of 1” pipe and 0.3m of 34" pipe between the gas relay and the tank.

1> Note that the traces are all scaled independently so each trace has a different vertical scale factor.
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The distortion that is seen near the zero crossings of the H winding A phase current is a
result of the arc model employed, which does not conduct throughout the entire cycle. Note
also the slight change in B and C phase currents due to zero sequence coupling in the system
source impedance. The transformer bushing currents were then entered into the transformer
protection model to determine the protection response to this fault. Two of the three
differential relays operated (due to the delta connection of the CTs), in approximately 2.8
cycles.

The current in the arc is very high (almost 150 kA RMS) for this fault, resulting in high
power dissipation in the faulted winding section and high gas production rates in the tank.
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Figure 18 - Transformer #1 internal arc current

Entering the arc current into the tank simulation!® produces the following pressure trace
inside the tank.
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Figure 19 - Transformer #1 internal pressure

Note that for this “small” internal fault, the peak /4 exceeds 160 psi/sec. The estimated
operating time for the sudden pressure relay for this fault is approximately 4.2 cycles. Since

16 The tank flexibility for this simulation was assumed to be 500 I/atm (the middle of the range reported in the EPRI

study)
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the actual tank flexibility is unknown, the simulation was re-run with tank flexibility
coefficients at both ends of the range reported in the EPRI study. With the more flexible tank,
the peak dP/dt was approximately 120 psi/sec and the operate time was 4.6 cycles. With the
less flexible tank, the peak dP/dt was approximately 350 psi/sec and the operate time was 3.3
cycles.

Relaying speeds were calculated for the other S faults simulated. For all H winding
faults, the transformer differential relaying was the fastest, however, the non-electrical
protection (especially the pressure relief valve) makes a better showing on the X winding.

Transformer #1 Relay Tripping Times (cycles)
Sudden Electro-

Sudden Pressure Pressure | Sudden mechanical

Fault Location/Size Pressure | (desensitized) Relief Flow Differential
H winding — 4 turns 3.3 4.2 4.1 4.0 2.8
H winding - 8 turns 3.3 4.1 4.0 3.9 2.1
H winding — 16 turns 2.8 3.5 2.3 2.9 1.6
X winding — 1 turn 3.0 3.7 2.9 3.2 4.0
X winding — 2 turns 2.6 3.3 2.0 2.6 2.6
X winding — 5 turns 2.2 2.9 1.2 1.9 1.8

The response of the electrical protection to the six applied faults is shown in the chart
below. Twenty-one points are plotted on the graph (3 relays x (6 fault simulations + 1 pre-fault
simulation)). The line labeled “relay curve” in the legend shows the balance characteristic of
the relay — points above the line indicate a trip condition and points below do not. For each
fault, two of the three relays trip, due to the delta connection of the protection CTs. Note that
the bottom point on the graph is actually 9 data points stacked on top of each other (3 prefault
plus the one non-tripping phase relay for the 6 fault simulations).
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Figure 20 - Transformer #1 Protection Response to Internal Faults
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5.4.3 Transformer #2:

Transformer #2 was a 138 — 25 kV A-Y transformer. The length of piping from the tank to
the sudden pressure relay was not available for this simulation and was assumed to be 1.5 m
equivalent of %” pipe. This transformer does not have forced oil cooling, so the sudden
pressure relay is set at the factory (more sensitive) setting. The tank flexibility was estimated
at the low end of the range, at 200 1/atm. While there are a number of differences between this
transformer and the previous one (rating, configuration, winding interleaving and differential
relay type), the results were essentially the same. The differential protection was capable of
detecting all turn to turn faults and came within 0.3 cycles of being faster than the non-
electrical protection for all faults modeled, even though the stiffer tank used should have made
the non-electrical protection relatively more sensitive. One very important observation is that
the harmonic-restrained element of the numerical differential relay has a fixed operate time
(1.6 cycles), as opposed to the inverse characteristic displayed by electromechanical differential
relays near the operate-restrain boundary. For turn to turn faults, the numerical relay has a
definite performance advantage over the electromechanical relay.

Transformer #2 Relay Tripping Times (cycles)
Sudden

Sudden Pressure Pressure | Sudden | Numerical
Fault Location/Size Pressure | (desensitized) Relief Flow Differential
H winding - 4 turns 3.0 3.8 3.6 3.4 1.6
H winding - 8 turns 3.0 3.8 3.5 3.2 1.6
H winding — 16 turns 2.5 3.2 2.5 1.9 1.6
X winding — 1 turn 2.2 2.9 2.1 1.4 1.6
X winding — 2 turns 2.2 2.8 2.0 1.4 1.6
X winding - 5 turns 2.2 2.8 2.0 1.3 1.6
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Figure 21 - Transformer #2 Protection Response to Internal Faults
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5.4.4 Transformer #3:

Transformer #3 was a 500 — 230 kV Y-Y autotransformer with a 12 kV delta connected
tertiary. Unlike the two previous units, which were three-phase units, this transformer
consists of three single phase units externally interconnected. The simulated power system
used was slightly different than the actual transformer connection. While the tertiary of
Transformer #3 is actually connected to a bus that supplies a 75 MVAR synchronous
condensor, the simulations used a fixed 37 MVAR shunt reactor as the tertiary load to reduce
the fault infeed to the tertiary and make the simulation a more difficult test for the protection.
The sudden pressure relay was connected to the tank via 1 m of 3%” pipe and is set at our
standard desensitized setting. Tank flexibility was assumed to be 500 l/atm (the same as
Transformer #1).

In this set of simulations, there is less of a clear winner. The pressure relief valve
performs surprisingly well, tripping first in six of the nine simulations. The differential relay is
the fastest for all H winding faults, where the interleaving of the windings acts in favor of the
electrical protection. The sudden pressure relay performs well on the X and T windings, where
the very high arc currents and lack of infeed from the T winding act in it’s favor. When
comparing the differential relay to the sudden pressure relay set at 5 psi/sec (the relays that
are on the transformer), the differential relay ranges from being 1.8 cycles faster than the
sudden pressure relay to being 0.4 cycles slower. Replacing the electromechanical relays on
this transformer with numerical relaying would have made the differential relaying faster than
the sudden pressure relay in all cases.

Transformer #3 Relay Tripping Times (cycles)
Sudden Electro-

Sudden Pressure Pressure | Sudden | mechanical

Fault Location/Size Pressure | (desensitized) Relief Flow Differential
H winding — 8 turns 2.2 2.8 1.9 2.5 1.6
H winding — 16 turns 2.6 3.3 3.0 3.3 1.5
H winding — 32 turns 2.6 3.3 3.0 3.3 1.5
X winding — 1 turn 1.9 2.4 1.2 1.9 2.8
X winding — 2 turns 1.9 2.5 1.2 1.9 2.2
X winding — 5 turns 1.9 2.4 1.1 1.9 1.9
T winding — 1 turn 2.0 2.5 1.4 2.0 2.9
T winding — 2 turns 2.3 2.9 2.0 2.7 2.9
T winding — 5 turns 2.0 2.6 1.4 2.1 3.1
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Figure 22 — Transformer #3 Protection Response to Internal Faults

While this is a limited sample of transformers, the results so far appear to support the
hypothesis that high-speed differential protection is capable of successfully clearing turn to
turn faults in transformers. It also appears that the electrical protection is faster than the
sudden pressure relay in almost all cases, which appears to contradict the generally held view
in the protection industry.

5.5 Tank rupture:

Prevention of transformer tank rupture is an important goal for transformer protection.
How sudden pressure relaying affects the probability of tank rupture is an important question
when one is reviewing the application of sudden pressure relaying.

If we consider a fault which does not evolve with time, the answer to the question is fairly
straightforward. EPRI report TR-104994s[21l notes that no cases of tank rupture were found
where the fault current at the transformer terminals was less than 10,000 A. Faults which
produce this level of terminal currents are typically bushing to ground, winding to ground or
winding to winding faults. At these fault levels, differential relays operate reliably and nearly
instantaneously (approx. 1 cycle), and breaker clearing time is the main parameter in
determining whether the tank ruptures or not. For turn to turn faults, where the terminal
currents are lower, the results of the previous simulations appear to indicate that differential
relaying provides nearly identical or faster clearing of these faults than the non-electrical
protection, so the sudden pressure relay does not appear to play a role in preventing tank
rupture for these faults. At much lower fault levels (open circuits or inter-strand faults), where
the differential relays may not reliably detect the fault, the rate of pressure rise in the tank is
much lower and the pressure relief valve has sufficient time to clear the fault before the tank
can burst. Given a pressure relief valve set to 5 psi above tank ambient pressure, a tank with
a 25 psi bursting strength and a tripping relay plus circuit breaker combination that can
interrupt the fault in 4.5 cycles, the pressure relief valve provides tank protection for faults up
to 267 psi/sec. Faults at the lower level of differential relay sensitivity appear to produce dP/dt
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of less than 267 psi/sec, so the combination of the differential relay and the pressure relief
valve provides overlapping coverage for non-evolving faults.

Unfortunately, due to the high energy released in transformer faults, nearly all
transformer faults evolve with time, making the previous results inconclusive. As the fault
evolves, more turns become shorted. This results in four phenomena occurring
simultaneously.

1) The ratio between the faulted turn and the rest of the winding changes, which causes
the terminal current to arc current ratio to increase towards 100%. Post-analysis of some early
work by Dick and Scottl®l shows that the arc current actually starts to diminish fairly early on
due to this ratio change and the increased self inductance of the shorted section (which goes
up as the square of the number of shorted turns). This change will result in increased relative
sensitivity for the electrical protection.

2) The arc voltage tends to increase as the arc gets longer. Although the actual behaviour
of an arc under oil is not well documented, a good first approximation is to assume a constant
voltage per unit arc length, although this ratio will decrease as the arc current drops. This will
result in increased relative sensitivity for the non-electrical protection.

3) As the arc grows to encompass more turns, the I2R losses in the shorted section of the
winding drops. The resistance of the shorted turns scales up linearly with the number of
turns, but since the arc current drops with increased turns, after a certain amount of the
winding has arced over, 12 will drop faster than R increases!’. In addition, the energy density
in the winding drops dramatically, since a decreasing amount of power is being dissipated over
an increasing number of turns. At a certain point, the energy density in the winding will no
longer be sufficient to generate gases and the energy in the arc will be the only gas generating
mechanism in the tank. This will result in lower relative sensitivity for the non-electrical
protection.

4) As more gas is generated in the tank and the internal pressure rises, each incremental
volume of gas generated results in a smaller increase in tank pressure. For faults which do not
evolve, the dP/dt seen by the sudden pressure relay tends to decrease over time. For evolving
faults, dP/dt will generally increase with time, but at a slightly lower rate than would be
expected.

Finally, it should be noted that the operating quantity for the differential relay is
proportional to the current at the transformer terminals and the operating quantity for the
sudden pressure relay is proportional to the energy dissipation in the tank.

If all four of the above phenomena are taken into account, it can be seen that as the fault
progresses, the differential relay will increase in sensitivity relative to the sudden pressure
relay. The final (and most important) question is whether the increased relative sensitivity of
the differential relaying as the fault progresses compensates for the intrinsic sensitivity
advantage the sudden pressure relay has over the differential relay. If information on how
faults in transformers evolve with time (shape of the curve and speed of evolution) could be
determined, simulation might prove enlightening. However, as the data stands right now, the
question of whether sudden pressure relaying provides additional protection against tank
rupture over that provided by differential relaying and pressure relief valves will have to go
unanswered (although the results of the dependability analysis tend to imply that in most
cases the electrical protection “wins the race”).

5.6 Potential improvements in reactive equipment protection:

5.6.1 Sudden pressure relays:

In the authors’ opinion, sudden pressure relaying is based on the flawed assumption that
sudden rises of pressure in the tank (or oil flow out of the main tank) are the result of an
internal arcing fault. While it is true that all internal arcing faults will result in a pressure

17 Calculations done on the data in the Dick and Scott paper show this effect occurring after only 0.2% of the
winding had shorted.
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wave inside the tank, the converse is not true. Therefore, non-electrical transformer
protection must be approached in a more holistic fashion than it currently is, if there is to be
any major increase in security. In our opinion, a dependable, secure sudden pressure relay
could be built upon the following principles:

First, the relay would have to integrate a number of sensors (pressure, pump current,
transformer currents, foundation vibration, etc...) to achieve the required security level. Simply
relying on pressure or rate of pressure rise has been shown to be inadequate.

Secondly, the relay will have to exhibit adaptive qualities and dynamically balance the
“operate” quantities against the “restrain” quantities in order to make a trip decision.

Finally, the relay would have to be numerical and capable of internally storing its
operating quantities for further analysis. The advent of data logging capabilities in modern
electrical protection has shown it’s worth in preventing recurrence of misoperations and this
capability is badly needed in non-electrical protection.

Once these principles have been accepted, it becomes clear that any continued evolution
of sudden pressure relaying depends on sudden pressure relaying being subsumed by the
electrical protective relays.

It is our opinion that while a sudden pressure relay built in this fashion could exhibit a
reliability on par with modern numerical relaying, the odds of it achieving a substantial market
penetration are low. First and foremost, there is no real agreement in the industry as to the
value of sudden pressure relaying. Those utilities who currently do not set their sudden
pressure relays to trip, or those who become convinced by this paper, probably would not make
a substantial investment in new relaying that would allow them to trip securely via this
protection. In addition, the lack of literature on the security of sudden pressure relaying
implies to the authors that a large percentage of the utility community is simply unaware of
how insecure sudden pressure relaying is.

5.6.2 Transformer differential relays:

While current numerical transformer differential protection relays perform very well, there
is always room for improvement. An increase in sensitivity would appear to be possible by
dynamically servoing the tap setting on one or more windings to null out errors due to
tapchanger action and static CT ratio mismatch. Differential power relays/32 also appear to
have the capability to enhance the current level of fault sensitivity.

5.6.3 Shunt reactor relaying:

Shunt reactor protection is currently the one area where sudden pressure relaying
appears to have a performance edge over electrical relaying. Difficulties with CT saturation and
very long inrush time constants currently have not allowed electrical relaying to be used at full
sensitivity during reactor energization.

One concept from generator protection that could be applied to detect turn to turn faults
in reactors with stranded conductors is that of split phase protection. By splitting the
conductor strands into two groups and measuring the imbalance between strand groups, turn
to turn faults which engage the strands unequally should be easily detected. Power relaying
may also have some merit in detecting turn to turn faults, although our research to date is very
preliminary.

The solution which appears to have the most practical merit is using a sensitive
directional ground element to supervise sudden pressure relay tripping. This takes two fast
insecure relay elements and produces one fast secure trip element.
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6.

Conclusions:

Sudden pressure relays are insecure:

Sudden pressure relaying is based on a flawed assumption. The assumption is that a
sudden rise of pressure in the tank (or oil flow out of the main tank, in the case of the
Buchholz relay) is the result of an internal arcing fault. While it is true that all internal
arcing faults will result in a pressure wave inside the tank, the converse is not true. This
flawed assumption manifests itself as low in-service security.

Sudden pressure relays have operated for non-fault conditions such as low level seismic
events, oil cooling pump starting, through faults and oil sampling.

The insecurity of the gas relay during low-level seismic events and its potential to cause
widespread and unnecessary power outages requires action for disconnection or
supervision.

Transformer differential relays detect turn to turn faults:

High speed differential relays in service since the 1960’s are sufficiently sensitive to detect
turn to turn faults. In addition, the fixed time characteristic of modern numerical
transformer differential relays provides an even greater advantage than the slightly inverse
time characteristic of electromechanical relays over sudden pressure relays.

For the limited sample of transformers, the results show the high-speed differential
protection is generally faster than the sudden pressure relay in detecting turn to turn
faults, which appears to contradict the generally held view in the protection industry. This
is corroborated by the BC Hydro statistics where essentially all transformer internal faults
have been cleared successfully by high-speed differential relays, where these relays have
been applied.

While turn to turn faults result in relatively small fault currents at the transformer
terminals, they should not be considered low energy faults. Due to the high ratio between
the shorted turn and the rest of the winding, a turn to turn fault results in very high
currents flowing in the shorted turn. The power dissipated in this fault (I2R loss in the
shorted turn plus Varl loss in the arc) can be an appreciable percentage of the transformer
MW rating. Because of the high fault energy, a turn to turn fault will evolve rapidly.

Neither differential nor sudden pressure relays prevent tank rupture:

Sudden pressure relaying is not expected to play a significant role in preventing tank
rupture. Rather, tank flexibility and circuit breaker operate time are key factors. Faults
likely to cause tank rupture are typically high current and easily detected at the highest
speed by differential relays.

Protecting transformers:

The simulation results, the correlation with the dependability of high-speed differential
relaying and the unacceptable security of the sudden pressure relay have resulted in BC
Hydro disconnecting sudden pressure relaying from all power transformers having at least
one set of high-speed differential relaying.

Protecting reactors:

Fault pressure simulation has shown that the electrical protection applied to our shunt
reactors does not provide adequate coverage for turn to turn faults and that the non-
electrical protection provides the necessary high-speed fault clearing. Therefore, sudden
pressure relays in reactor protections will be supervised by the sensitive ground directional
element in the electrical relaying.
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Pressure relief valves:

e Simulation work has shown that the pressure relief valve provides tripping speeds roughly
equivalent to the sudden pressure relay. A statistical review of misoperations also shows
the pressure relief valve to have improved security over the sudden pressure relay.

Future developments:

e Measures to improve the security of sudden pressure relaying are hindered by the fact that,
unlike modern numerical relays, there are no sudden pressure relays in service which
record their operating quantities and internal state for future analysis. This, combined
with the low failure rate of transformers and the lack of “shrink-wrapped” tools for
simulating arcing faults under oil, makes the improvement of sudden pressure relaying a
black art. The authors contend that the security and dependability of sudden pressure
relays will not improve until numerical sudden pressure relaying schemes make an
appreciable market penetration and also that this market penetration will not occur in the
near future.

¢ Given the adequate coverage provided for turn to turn faults by electrical differential
relaying and the fact that the resources currently allocated to transformer differential
relaying development greatly exceed that currently allocated to sudden pressure relaying
development, it is likely that the performance of electrical relaying will improve faster than
that of sudden pressure relaying.

Others:

e The security of sudden pressure relaying can be enhanced by desensitizing the relay,
delaying tripping, or adding blocking relays. However, in most cases, these measures also
eat up the sensitivity margin the sudden pressure relay has over the electrical protection!s,
resulting in no net benefit over a direct electrical tripping scheme.

e Limiting fault duration may not significantly reduce the cost of repairing the transformer.
Repairing a faulted transformer with a damaged winding typically requires the entire
winding to be replaced. Therefore, until the arc damage reaches the core, the amount of
physical damage to the winding has little bearing on the repair costs.

e Further effort is required by utilities and manufacturers in confirming more widely the
results of these few simulation studies in an effort to effectively address improvements in
power system reliability for oil filled reactive equipment.

18 In the case of delaying tripping, it can be assumed that all internal transformer arcing faults grow larger with time.
Therefore, delaying sudden pressure tripping is equivalent to simply desensitizing the relay.
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