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Guide for
PROTECTIVE RELAY APPLICATIONS TO POWER TRANSFORMERS

1. INTRODUCTION

This Guide has been prepared to aid in the
effective application of relays and other devices
for the protection of power transformers. It
supplements information that was previously
published in a Committee Report titled “Pro-
tection of Power Transformers, 1962 Relays
Committee Survey of Practices.” (Reference
2.1.2)

This Guide reviews the general philosophy
and economic considerations involved in trans-
former protection, describes the types of faults
that have been experienced, and discusses tech-
nical problems with such protection, including
current transformer behavior under fault con-
ditions. The various types of electric, mechani-
cal, and thermal protective devices are de-
scribed. Associated problems such as fault clear-
ing and re-energizing considerations are also
discussed. Emphasis in the Guide is placed on
practical applications rather than basic theory
which may be obtained from several good ref-
erences in the Bibliography.

2. PHILOSOPHY AND ECONOMIC
CONSIDERATIONS

Protective relaying is applied to components
of a power system for two reasons: (1) To sepa-
rate a faulted member from the remainder of
the system so that the system can continue to
function. (2) To limit damage to the faulted
equipment and minimize the possibility of fire.
In protecting some components, particularly
high-voltage transmission lines, the limiting of
damage becomes a byproduct of the system pro-
tection function of the relays. However, since
the cost of repairing faulty transformers may be
large and since high-speed, highly sensitive pro-
tective devices can reduce damage and therefore
repair cost, the equipment protective aspects of
relays must be considered when protecting
transformers, particularly in the larger sizes.

Faults internal to the transformer quite often
involve a magnitude of fault current which is
low relative to the transformer rating, indicating
a need for high sensitivity as well as high speed
to obtain good protection.

Present-day transformers with modern light-
ning protection are very reliable devices; how-
ever, as long as a possibility of failure exists,
protection must be provided. There is not one
standard way to protect all transformers, or even
identical transformers that are applied different-
ly. Most installations require individual engi-
neering analysis to determine the best and most
economical scheme. Usually more than one
scheme is technically feasible and the alterna-

tives offer varying degrees of sensitivity, speed,
and selectivity. The plan selected must balance
the best combination of these factors against the
over-all economics of the situation while holding
to a minimum:

1. Cost of repairing damage.

2. Adverse effects on the balance of the

system.

3. The spread of damage to adjacent -equip-

ment.

4. The period of unavailability of the dam-

aged equipment.

In protecting transformers, backup protection
needs to be considered. The failure of a relay
or breaker during a transformer fault may cause
such extensive damage to the transformer that
its repair would not be practical. When the
fault spreads due to non-clearing by the trans-
former protection, remote line relays or other
protective relaying may operate. Part of the
evaluation of the type of protection applied to a
transformer should include how the system in-
tegrity may be affected by such a failure.

In this determination, since rare but costly
failures are involved, a diversity of opinion on
the degree of protection required by transformers
might be expected among those familiar with
power system relay engineering. A recent sur-
vey shows this to be true. (Reference 2.1.2).
The major economic consideration is not ordi-
narily the fault-detection equipment but the
protective gear (circuit breakers). Protective
gear often cannot be justified on the basis of
transformer protection alone. At least as much
weight should be given to the service require-
ments, the operating and system design philoso-
phy as to the protection of the transformer.
Evaluation of the risks involved, the protection
afforded, and the costs incurred is necessary to
avoid going to extremes. Such considerations in-
volve the Art rather than the Science of pro-
tective relaying. (References 2.1.9, 2.1.1, 1.3).

3. TYPES OF FAULTS

Transformer failures can be grouped into sev-
eral major categories. For simplicity, failures
reported in this summary are grouped into the
following six categories:

Winding failures
Tap-changer failures
Bushing failures
Terminal-board failures
Core failures

. Miscellaneous failures

The following summary is based on a ten-year
period of transformer failures reported by a
group of utilities. Some 262 transformer fail-

Qs wN
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ures were analyzed and tabulated. Because of
limited space allotted to this section in the
Guide, the itemized list had to be grouped as
shown. Specifics concerning the actual failures
are not considered of primary concern. This
summary may assist engineers in making an
evaluation of just how much protection can be
applied economically on specific transformer
installations.

3.1 Winding Failures

By far the largest number of transformer
faults involved winding failures. Shown in
Table 1 is an analysis of these winding failures.
As can be seen, the largest number of winding
failures with reasons assigned involved: (1)
turn-to-turn shorts from turn-insulation deteri-
oration, (2) lightning and lightning surges, and
(3) moisture. The turn-to-turn faults or layer-
to-layer faults occurred in roughly 24 percent of
all transformer-winding faults reported, i.e., the
initial failure started as a turn-to-turn short or
an open turn but the ultimate failure may have
involved other categories. Lightning was the
primary instrument causing roughly 13.5 per-
cent of all transformer winding failures. Mois-
ture was the direct cause of 12 percent of the
total failures. For the most part, moisture was
caused by water seepage into the oil through
poor gaskets, etc.

3.2 Tap-Changer Failures

Faults and failures associated with the load
top changer unit made up the second largest
major category of transformer failures. Me-
chanical failures due to malfunction and stress
made up 30 percent of the transformer failures
attributed to faults associated with the load tap
changer and its auxiliaries. Twenty-six percent
of the transformer faults attributed to the top
changer were caused by electric failures of the
mechanism. Roughly 17 percent of the tap-
changer failures were the direct result of contact
trouble. As shown in Table 1, other types of
faults were also present in tap-changer failures.

I. Transformer Outages Due to Winding Failures

3.3 Bushing Failures

Bushing failures made up the third largest
group in transformer outages. High within this
category were failures due to aging, contamina-
tion, and cracking. This accounted for roughly
50 percent of bushing failures. Moisture, flash-
overs, and animals each accounted for approxi-
mately 12 percent of bushing failures. Lightning
and low oil in the bushings accounted for a total
of about 15 percent. (The split here was about
even.) See Table 1.

3.4 Terminal Board Failures

In the order of the number of failures, faults
originating in the vicinity of the terminal boards
ranked fourth. Approximately 37 percent of the
failures associated with the terminal board were
due to loose connections which resulted in leads
pulling out, poor contact, and poor solder joints.
Thirty-one percent of the terminal board faults
occurred because of lead failures. The remaining
faults occurring in the terminal boards were of
various causes as listed in Table 1.

In summary, the majority of the failures in
this category were of mechanical nature result-
ing from poor assembly or from constant vi-
bration.

3.5 Core Failures

Faults occurring due to core failures were
found to be few in number and generally speak-
ing were from one cause, a breakdown in insula-
tion. The insulation failure manifested itself in
the form of shorted laminations, fiber-bolts fail-
ure, loose wedges, and insulation failures be-
tween clamp bolt and core. See Table 1.

3.6 Miscellaneous Failures

The largest single item failing in this category
was bushing current transformers. This made
up approximately 30 percent of the failures at-
tributed to miscellaneous. The other failures
listed in this category are itemized in Table 1.

3.7 Table 1
Types of Transformer Faults

Percent of Percent of

Causes and Occurrences Number Subtotal Total
1. Miscellaneous 36 27
2. Turn-to-turn insulation failure 32 24
3. Lightning 18 13
4. Moisture 16 12
5. External faults (producing insulation failure) 10 7
6. Overheating 5 4
7. Open winding 4 3
8. Deterioration 4 3
9. Improper blocking 3 2
10. Grounds 3 2
11. Phase-to-phase failures 2 2
12. Mechanical weakness ___1 1
Total 134 100 51
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II. Transformer Outages Due to Tap-Changer Failures
Causes and Occurrences

Mechanical
Electrical
Contacts

Leads

Tracking
Overheating
Three-phase short
Qil leak

External fault

Total

CONINR WD -

II1. Transformer Outages Due to Bushing Failures
Causes and Occurrences

Aging, contamination, and cracking
Animals
Flashover
Moisture
Low oil
Lightning
Total

NP wb=

IV. Transformer Outages Due to Terminal-Board Failures
Causes and Occurrences

Loose connections
Leads (opened)
Links

Moisture

Insufficient insulation
Tracking

Short circuit

Total

NonhWN =

V. Transformer Outages Due to Core Failures
Causes and Occurrences

1. *Core insulation failure
2. Ground strap burned away

Total

V1. Transformer Outages Due to Miscellaneous Causes
Causes and Occurrences

Bushing current transformer failure
Metal particles in oil

Damage in shipment

External shorts

Bushing flange grounding

Poor tank weld

Total

k-

* Consisted of: shorted laminations, loose clamps, fiber-
bolts failure, loose wedges and bolts, clamp touching
core, insulation between clamp bolt and core failure.

Number

» N H -
=_WHhpHLNNO O bk pt bt N 0O W W

[y
\1{#-‘0\ O[r—n—-r—u—:wmq

[u—y
Nt = NN D

Percent of Percent of
Subtotal Total

100 19

100 15
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4. RELAY CURRENTS

Two characteristics of power transformers
combine to complicate detection of internal
faults, with current-operated relays: (1) The
change in magnitude of current at the trans-
former terminals may be very small, when a
limited number of turns are shorted within the
transformer. (2) When a transformer is ener-
gized, magnetizing inrush currents, that flow in
one set of terminals, may equal as much as ten
times rated current. These, and other consider-
ations, require special consideration to obtain
relay characteristics best suited to the particular
application.

4.1 Minimum Internal Faults

The most difficult transformer fault for which
to provide protection is the fault that initially
involves one turn. Even with a two-winding
transformer, a turn-to-turn fault will result in a
terminal current of less than rated full-load cur-
rent. In fact, possibly 10 percent of the winding
may have to be shorted to cause full-load termi-
nal current to flow. If the transformer is an duto-
transformer or a regulating transformer, it will
be physically smaller than a two-winding trans-
former of the same rating, and consequently a
greater percentage of the exciting winding will
have to be shorted to provide full-load current
at the transformer terminals. Thus, a turn-to-
turn fault may result in a terminal current of
10 percent or even less of transformer rating.

4.2 Maximum Internal Faults

There is no limit to the maximum internal
fault current that can flow other than the system
capability when the fault is an internal terminal
fault, or a fault external to the transformer but
in the relay zone. Of importance here is that
the relay must be capable of withstanding the
secondary current on a short time basis, assum-
ing no current transformer saturation. This may
be a factor if the transformer is small relative to
the system fault and if the current transformer
ratio is chosen to match the transformer.

4.3 Through Faults

A favorable aspect of current protection of
transformers is that fault current through a
transformer is limited by the transformer. Thus,
if all external faults relative to the protected
zone involve currents through the transformer,
reasonable currents relative to the transformer
rating are involved.

The above favorable aspect disappears if the
transformer protective zone includes a bus area
with two or more breakers on the same side of
the transformer through which external fault
currents can flow with no relationship to the
transformer rating. An example is a transformer

connected to a section of a ring bus with the
transformer protection including the ring-bus
section.

4.4 Phase-Shifting Transformers

A phase-shifting transformer, as its name im-
plies, has a purposely introduced angular voltage
difference, usually adjustable in steps, between
the primary and secondary voltages. If the
angular difference is a fixed 30 degrees, such as
with the familiar wye-delta transformer, current
transformer connections for proper differential
relaying are easy to obtain. However, if the
phase-angle shift is some other angle, say 15
degrees, orthodox connections of current trans-
formers, either wye or delta, will not provide
proper differential relaying. With either con-
nection on either side of the transformer, proper
balance cannot be obtained and an operating
(differential) current will flow. If an external
fault is an unbalanced fault, such a differential
current can flow with practically no through
current for restraining purposes. Therefore, even
a percentage-differential relay could operate in-
correctly.

If the 15-degree phase shift were fixed, it
would be possible to develop current transform-
er connections that would provide proper oper-
ation for that one phase shift. However, each
angle of shift would require different considera-
tions such as a different ratio of auxiliary current
transformers. Thus, it may not be practical to
apply the usual percentage differential to a given
phase-shifting transformer.

4.5 Performance of Current Transformers
During Faults

4.5.1 Internal Faults. In the event of an
internal terminal fault, or a fault external to
the transformer but in the protective zone, the
current transformers can be expected to satu-
rate, perhaps severely.. This has no signifi-
cance unless the relay can block itself because
of the harmonic content of the secondary
current.

On a transient basis, with a saturated cur-
rent transformer, second and third harmonics
predominate initially, and each may be greater
than the fundamental. Ultimately, the even
harmonics disappear (depending upon the di-
rect-current time constant of the short-circuit
current). Whether or not the odd harmonics
disappear depends, of course, on whether or
not the current transformers saturate on a
steady-state basis.

4.5.2 External Faults. If a single set of
current transformers is used at each voltage,
the current transformer current will be limited
by the transformer impedance. On the other
hand, if current can flow through the differen-
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tial zone at the same voltage (e.g., ring bus,
or breaker-and-a-half applications), then the
current is not so limited. In either case, any
deficiency of current output (caused by satu-
ration, References 1.7 and 2.2.27) of one
current transformer that is not matched by a
similar deficiency of another current trans-
former will cause the difference to appear in
the operating circuit of a differential relay.
Simple time-overcurrent relays, without re-
straint, can meet this problem only by having
their tap and time-dial settings made suffi-
ciently high, when direct-current saturation of
the current transformers is the problem. Per-
centage differential relays offer the advantage
of greater sensitivity and faster speeds, but
they should be applied with a restraint ele-
ment in each current transformer circuit. Also,
the loading of each current transformer sec-
ondary circuit as related to the relaying-ac-
curacy-class rating of the current transformers
involved, should not exceed the values estab-
lished by the relay manufacturer.

4.6 Nonfault Relay Current

The usual over-all differential protection of a
transformer can be considered as only a partial
differential since the transformer magnetizing
branch is within the differential zone but is not
compensated by the differential connection of
the current transformers. The protection is based
on change of impedance of the magnetizing
branch in the event of a transformer fault. The
normally high impedance of the magnetizing
branch is radically reduced by even a turn-to-
turn fault. This ideal situation is violated by
the following several factors that the relay engi-
neer cannot control:

4.6.1 Unbalance Caused by Current Trans-
former Ratios. Even if a transformer has a
fixed ratio, it is usually difficult and incon-
venient to match current transformer ratios
exactly on the two (or more) sides of a trans-
former. Current transformer mismatch causes
current flow in the operating circuit of the
differential relay. When the transformer has
taps, the possible mismatch is increased many
times. During a through-fault condition, the
differential current can be comparable at least
with the current rating of the transformer.

4.6.2 Magnetizing Current Inrush. This is
a phenomenon which causes the violation of
the basic principle of differential relaying in
that the magnetizing branch of the transform-
er can have a very low impedance without a
transformer fault. Current occasioned by mag-
netizing inrush can reach many times the
transformer rating and these currents appear
in the differential relay. The mechanism has

been adequately explained elsewhere (Refer-
ence 2.2.13) so will not be considered here.

Although usually considered only in con-
junction with the energizing of a transformer,
magnetizing current inrush can be caused by
any transient that causes an abrupt change of
voltage on the magetizing branch of the trans-
former. Such transients include the occur-
rence of a fault, the removal of a fault, the
change of character of a fault (e.g, the change
from a single-phase-to-ground fault to a two-
phase-to-ground fault) and a poor synchron-
izing attempt. Thus, a desensitizing scheme
that is operative only when energizing a trans-
former may not be adequate.

There are several conditions that cause par-
ticularly severe magnetizing-inrush phenom-
ena. (Reference 2.2.13) One involves the ener-
gizing of a transformer at a station at which
at least one other transformer is already ener-
gized. The inrush phenomenon (Reference
2.2.14) involves the already energized trans-
formers as well as the one being energized,
and the inrush transient is of particularly long
duration. It is important to realize that the
inrush into the transformer being energized
occurs during the opposite half cycle to that
of the already energized transformer. Thus,
the net inrush into all transformers may be
nearly a sine wave of fundamental frequency.
This phenomenon makes necessary a separate
harmonic suppression relay unit for each
bank. Another inrush phenomenon involves
the energizing of a transformer by means of
an air switch. Arcing of the switch can result
in successive half cycles of arc of the same
polarity. Thus, if the first half cycle results
in substantial residual magnetism in the trans-
former core, succeeding half cycles can cause
a cumulative increase in residual magnetism,
each time resulting in a more severe inrush.

An important characteristic of magnetizing-
inrush current is that it contains substantial
harmonics, particularly the second harmonic.

4.6.3 Magnetizing Current During Over-
voltage. In the event of the load rejection,
it is possible for a transformer to be subjected
to substantial overvoltage. If saturation re-
quirements have not been specified, a trans-
former is likely to be able to withstand little
overvoltage beyond the requirements of
Standards. If saturation occurs, substantial
exciting current will low. The wave form will
be distorted, but in this case there are prin-
cipally only odd harmonics, particularly the
third. (Because of the abrupt voltage change,
there can also be a magnetizing-current in-
rush, but this will be of secondary impor-
tance.)
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4.64 Differential Current During Load
Conditions. Because of current transformer
saturation, bushing current transformer ratios
below 200/5 should not be used. Another
reason, especially at 345 kV and higher, is
that the error current, during load conditions
(or during fault conditions resulting in cur-
rents up to about twice full-load current),
might be sufficient to operate a sensitive relay.
This is because current transformer exciting
current increases with core circumference,
which in turn increases with voltage. A further
factor is that the relays are likely to be farther
away from the transformer in an extra-high-
voltage application than at lower voltages, and
thus the lead burden may be high, with con-
sequent increase in current transformer ex-
citing current.

5. ELECTRICAL DETECTION OF FAULTS

5.1 Fuse Protection

Fuses are widely used to protect power trans-
formers; and although the fuse has certain limi-
tations, it has the merits of being economical,
simple to maintain, and generally fail safe. This
is true for any size transformer; however, trans-
formers exceeding 10,000 kVA in rating are
usually provided with more sensitive protection.
Fuses can be reliably used to protect the trans-
former against external short-circuit current
under most conditions, but cannot be relied upon
to protect the transformer from internal faults
or long-time overloads.

Each manufacturer publishes time-current
curves of his various types of fuses. These curves
should be corrected for ambient temperature
and prefault load current according to predicted
operating conditions and by the use of appro-
priate correction factors, also published by the
manufacturers. Experience indicates that these
time-current curves are accurate, within estab-
lished tolerances, provided correction factors are
properly applied. Some users are reluctant to
operate fuses at loads greater than approximate-
ly 65 percent of the minimum current required
to melt the fusible element. This load limit re-
duces operating temperature in the fuse, permits
short-time emergency loading of transformers,
and establishes some basis for the selection of
prefault load-current correction factors. The
maximum continuous load current should not
exceed the continuous current rating of the com-
plete fuse assembly.

Selection of the proper fuse link rating and
speed should be based on the following factors:

1. Maximum permissible transformer load
current and the transformer heating curve
recommended by the transformer manu-
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facturer, Appendix Figure 1 (Reference
14).

2. Transformer connections, as they affect
primary current for three-phase, phase-to-
phase, and phase-to-ground secondary
faults.

3. Available primary system fault current
and transformer impedance.

4. Coordination with low-side protection
equipment.

5. Maximum allowable fault time on the low-
side bus conductors.

6. Maximum degree of sensitivity for protec-
tion from high-impedance faults.

5.2 Differential Protection

Electrical differential is the most commonly
used type of protection for transformers of ap-
proximately 10 MVA and above. (Reference
2.1.2).

The term is properly applied only to the con-
nection of current transformers which are con-
nected so that the net output to the relay is the
difference between input and output current.

Relays of three general classes are used with
this transformer connection. They are:
1. Time-overcurrent relay, usually with an
instantaneous trip attachment having a
high current setting.

2. Percentage-differential relay, with restraint
actuated by the input and output currents.

3. Percentage-differential relay, with restraint
actuated by one or more harmonics in ad-
dition to the restraint actuated by the in-
put and output currents. The percentage
characteristic may be fixed or it may be
variable. The restraint functions may be
in two separate units, or combined in one.

Current-transformer connections must be such

that the net current to the relay operating coil
for any type or location of external fault is sub-
stantially zero. Various types of connections are
shown in the Appendix (Figures 12, 13 and 14).

5.2.1 Differential Connection Using Time-
Overcurrent Relays. Overcurrent relays with-
out restraint are seldom used in present-day
applications due to their susceptibility to false
operation from the following causes: (1) In-
rush magnetizing current when energizing
transformer, (2) Saturation errors or mis-
match of current transformers and (3) Exces-
sive excitation current when transformer is
overexcited.

5.2.2 Differential Connections Using Per-
centage-Differential Relays. To avoid unde-
sired tripping due to a mismatch, restraint may
be added for through (external) faults. This
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permits a more sensitive setting, and some-
what faster operation at low fault currents
There is also some benefit in case of satura-
tion errors. The restraining force disappears
or is a much smaller percentage of the oper-
ating force, when the fault is internal. These
relays are particularly applicable to power
transformers of moderate size located at some
distance from major sources of generation.

The amount of restraint is stated (or de-
fined ) as a percent of the current required by
the operating winding to overcome the re-
straint torque and is called the characteristic
slope. The required slope may vary between
15 and 50 percent, depending on the range of
taps on the power transformer. The percent
slope will increase near pickup, as a fixed re-
straint of the restraint spring adds to the elec-
trical restraint. Typical settings are 25 per-
cent slope, 60 percent pickup and 0.1 second
at 3 times pickup. Addition of instantaneous
overcurrent (no restraint) set above inrush
will shorten clearing time for heavy faults.

While this relay is more expensive than an
overcurrent relay, the installed cost is usually
no more. It is provided with taps which ordi-
narily make auxiliary balancing current trans-
former unnecessary. The overcurrent relay in
many instances requires an auxiliary current
transformer and additional wiring which in-
creases its installed cost.

5.2.3 Differential Connections Using Per-
centage-Differential Relays with Harmonic
Restraint.. Various schemes have been used to
increase the pickup or delay tripping during
energizing, especially for large transformers
located near large sources of generation. Har-
monic restraint is the only one now in general
use. Other schemes have not been very satis-
factory for the following reasons:

1. Clearing of a fault which may occur on
energizing will be delayed.
2. When an external fault clears, the in-
rush current may cause a tripout.
3. There is no protection against “outrush”
when energizing another transformer.
Harmonic-restraint relays make use of har-
monics present in the inrush current, particu-
larly the second, to block tripping or to in-
crease the pickup during inrush. Thus a lower
normal pickup and a minimum time delay be-
come possible without danger of false tripouts.
A filter is also used in the operating coil cir-
cuit. Unfortunately there is still an imper-
fection in some makes of differential relays
but it is easily overcome. At high internal
fault currents, sufficient harmonics may ap-
pear to prevent operation. An instantaneous
overcurrent element set above inrush is added
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to solve this problem. This relay is also pro-
vided with balancing taps as well as taps for
approximately 15 to 40 percent slope.

While the cost of harmonic restraint relays
is higher, it can often be justified. Important
points are:

1. Cost of investigating an inrush tripout

when the harmonic restraint is not used.

2. Faster operating time (0.03 to 0.05 sec-
ond versus 0.1 to 0.2 second for the per-
centage-restraint type).

3. Lower pickup (20 to 40 percent of
transformers rating versus 40 to 100
percent for the percentage-restraint
type).

5.2.4 Unit Generator-Transformer Sets.
On cross-compound units, field is usually ap-
plied while the set is on turning gear. Appli-
cation of field to such machines normally ex-
cites the generator step-up transformer as
well as the generator so that protection is re-
quired for all of the unit system. The filter
circuit of some harmonic-restraint relays may
cause failure to operate if a fault occurs be-
fore the machine is up to synchronous speed.
Since relay designs vary, the relay perform-
ance at reduced frequency should be checked.

5.2.5 Station Service. Where a startup
transformer is used connected to the high-
voltage bus, high-speed fault clearing is
usually required for stability reasons, even
though the transformer is relatively small.
The low current transformer ratio required
for satisfactory sensitivity may result in severe
current transformer saturation for high-side
faults. If burden is high, the high peak volt-
ages could result in insulation breakdown, and
thus failure of the differential to operate. An
additional current transformer with a high
ratio, supplying an overcurrent relay with in-
stantaneous attachment would then be re-
quired to back up the differential, if such an
instantaneous trip is not built into the dif-
ferential relay. If high sensitivity is not re-
quired, the differential relay may be omitted.

5.2.6 Multiple-Winding Transformer Dif-
ferential. Differential relays for three-wind-
ing transformers are available in both the per-
centage-differential and harmonic-restraint re-
lay types. These relay types are also made as
specials to accommodate four or five windings
or terminals.

Multiple-winding transformers frequently
have different capacity ratings on the indi-
vidual windings. For example, a three-wind-
ing transformer may have a high-side rating
of 90 MVA and the other two windings each
rated at 50 MVA. Care must be taken in
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selecting current transformer ratios or select-
ing differential relay current balancing taps.
These should be based on the through flow of
current equivalent to the largest winding rat-
ing regardless of the rating of the other wind-
ing being considered. This is clarified, if
through fault current involving only the high
side and one winding is studied. Proper selec-
tion will result if each pair of windings is
treated in this manner.

5.3 Overcurrent Protection

A fault on a power system external to a trans-
former can result in a failure of the transformer
if the fault is not cleared promptly since the
fault results in overloading the transformer.
Overcurrent relays (or fuses, Section 5.1) may
be used to clear the transformer from the faulted
line or feeder before the transformer is dam-
aged. On small transformers, overcurrent relays
may also protect for internal transformer faults,
and on larger transformers, overcurrent relays
may be used to provide relay backup for differ-
ential or pressure relays. Thermal relays, dis-
cussed elsewhere in this report, may also be used
to protect transformers against overload.

Overcurrent relays can provide an inexpen-
sive, simple, and reliable protective scheme for
transformers. However, since sensitive settings
and fast operation are not usually possible with
overcurrent relays, they will provide limited pro-
tection for internal transformer faults and should
be used for primary protection only on small un-
important installations. Insensitive settings re-
sult since the pickup value of phase-overcurrent
relays must be high enough to take advantage
of the overload capabilities of the transformer.
Fast operation is not possible since the trans-
former relays must coordinate with relays on
lines or feeders terminating on the high- and low-
voltage buses. Faster clearing for heavy internal
faults may be obtained through the use of in-
stantaneous tripping attachments in the over-
current relays on the primary side of the trans-
former. The relays may be set to pick up at a
value above the maximum through-fault current
and will thus provide instantaneous tripping for
heavy internal faults. Where overcurrent relays
are used for primary transformer protection,
extensive damage to the transformer from an
internal fault must be expected.

Settings of phase-overcurrent relays on trans-
formers involve a compromise between the re-
quirements of operation and protection. The
pickup setting should be high enough to permit
overloading the transformer when necessary, but
the higher the setting, the less the protection. A
setting of 200 to 300 percent of the self-cooled
current rating of the transformer is common,
although higher values are sometimes used.
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The time setting is usually chosen for coordi-
nation with relays on adjacent equipment. How-
ever, an upper limit to the overcurrent-relay
time setting exists in the time-current charac-
teristic of the transformer windings. For proper
backup protection, the relays may operate for an
external fault before the windings are damaged
by the heavy currents. Many such transformer
“heat-curves” are available, but as all seem based
on USA Standard C57, (Reference 1.4) one may
use the curve in Appendix Figure 1.

The ensiest method of determining the relay
time setting is to draw the time-current curves
of the adjacent line or feeder relays and the
transformer “heat-curve.” The expected values
of fault current for adjacent and remote bus
faults should also be plotted. The necessary re-
lay time setting can then be determined and
plotted on this sheet. Obviously, for the best co-
ordination, the curve of the transformer-overcur-
rent relays should have the same general shape
as the adjacent relays. See Appendix Figure 2.

Instantaneous-trip attachment, if usable,
should be set to pick up at a value higher than
the maximum through-fault value—usually the
fault current through the transformer for a low-
side three-phase fault. A pickup of 125 percent
of the calculated maximum symmetrical short-
circuit current or eight times full-load bank cur-
rent should provide sufficient margin to avoid
false tripping for the bus fault, and still provide
a maximum of protection to the transformer for
heavy internal faults. In many cases, instantane-
ous-trip attachments cannot be used because the
necessary settings are greater than the fault cur-
rents or the maximum tap available on the relay.

When the transformer is part of the transmis-
sion system, setting time-overcurrent relays be-
comes difficult because the possible infeeds cause
large variations in fault currents and hence the
relay operating times may be quite variable for
the same fault. One simple solution is to set the
transformer relays for a fixed time of 0.5 to 1.0
second for the adjacent bus faults. Two sets of
relays, one high-voltage set and one low-voltage
set, may be needed. Another simple solution is
to consider the overcurrent relays last-resort
protection and provide a time setting only slight-
ly faster than the transformer time-current heat-
ing curve. An advantage to this solution is that
no fault data is required, only the transformer
full-load current and the relay pickup setting
need to be known. An inverse-curve relay usual-
ly provides the best coordination. Relays set
in this manner will operate only for very un-
usual conditions, probably because of the failure
of the other equipment to operate for a fault,
yet the transformer is about as well protected
from external faults as if the relay were extreme-
ly fast.
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