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cases, the unit can be returned to the manufacturer for re-
pair. In other cases, the transformer may be damaged beyond
repair. Protection is applied to the transformer to detect
faults within or adjacent to a transformer and remove it from
service fast enough to limit the amount of damage sustained.

The type and extent of protection applied on transformers
is a compromise between such factors as the sensitivity, speed
of operation, security, and cost of implementation. The more
important and expensive the transformer is to the power sys-
tem, the greater the amount of protection that is typically
applied. If a transformer can be replaced relatively easily and
at a minimum cost, less protection can be used. However, for
larger, more costly transformers or transformers that are part
of a critical process, additional protection may be warranted
to minimize the damage and resulting downtime required to
replace a badly damaged transformer.

The location of the transformer also dictates the type and
amount of protection required. For transformers in industrial
facilities or independent power producers that parallel the
utility power system, additional protection is required for the
interconnection and for backup protection against faults on
either side of the parallel connection.

The following text discusses the most commonly used pro-
tective methods for transformers. Factors affecting protective
methods are described at length, including operating charac-
teristics of the transformer itself and characteristics of the
power system.

FACTORS AFFECTING PROTECTION

There are several factors that affect the design of a trans-
former protection scheme. These include (1) the magnetizing
inrush characteristics of the transformer; (2) the transform-
er’s winding connections; (3) the overexcitation characteristic
of the transformer’s windings; (4) the addition of tapped wind-
ings, such as de-energized taps on the transformer’s primary
or load-tap-changers on the transformer’s secondary; and (5)
the through-fault capability of the transformer. Each of these
factors must be considered when protecting a transformer be-
cause they have varying effects based on the type of protec-
tion applied. A more detailed discussion of each follows.

Magnetizing Inrush Current

Magnetizing inrush is a transient current that results from
the sudden change in exciting voltage across a transformer’s
windings. This can occur at initial energization, upon reener-
gization after clearing a fault, or during the inrush period of
a parallel-connected transformer. Because inrush current has
varied effects on the devices protecting the transformer, the
causes and characteristics of this current should be carefully
considered in applying such protection.

Magnetizing inrush current, in part, depends on the trans-
former rating and the available fault current. Because of the

TRANSFORMER PROTECTION voltage drop across the source impedance during the inrush
period, the inrush current is less when the transformer is

A large number of transformers are typically installed in any supplied from a weak source compared with a strong source.
The inrush at transformer energization is primarily a func-given power system. This represents a large investment for

both utility and industrial power systems. These devices pro- tion of the residual magnetism remaining in the transformer
core and the magnitude of the instantaneous voltage whenvide the necessary voltage conversions to transport power

through the system. Faults within a transformer can cause a the transformer is energized. The core of the transformer dis-
plays properties typical of magnetic materials. For example,tremendous amount of damage in a very short time. In some
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the remnant flux depend on the point when the transformer
is deenergized.

When the transformer is reenergized, the magnitude of the
core flux will change from the remnant flux point, as shown
in Fig. 2(a). The excitation current resulting from the core
flux begins at zero and increases proportionally to the in-
crease in core flux. If reenergization occurs at a point in the
voltage waveform that produces substantially increased flux
levels, the transformer core can possibly be driven into satu-
ration, as shown in Fig. 2(a). On the other hand, if the trans-
former is reenergized when the polarity of the voltage and
flux are the same, but decreasing in magnitude, the magnetiz-
ing inrush current can be significantly lower, as shown in
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Fig. 2(b).
Figure 1. Typical transformer steady-state flux and excitation cur- Because these two parameters are unknown and uncon-
rent waveforms resulting from an applied voltage. trollable, there is no way of knowing the magnitude of the

inrush current during any particular energization. The mag-
when the applied voltage is reduced to zero, the magnetic flux netizing inrush current can reach peaks as high as twelve
within the transformer’s core does not fully dissipate. Nor- times (or greater) the rated transformer peak current. How-
mally some amount of residual flux is trapped in the core ma- ever, with the increasing use of improved core steel in power
terial. Figure 1 shows the relationship between the excitation transformers, magnetizing inrush current can be as low as
current Ie and the steady-state flux � in the transformer core. 8% of the fundamental current.
The steady-state flux waveform is similar in shape to that of Magnetizing inrush current can be classified as either ini-

tial, recovery, or sympathetic. Initial inrush occurs similar tothe applied voltage. The beginning polarity and magnitude of
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Figure 2. Magnetizing inrush current resulting from
transformer re-energization. (a) Same polarity with in-
creasing applied voltage. (b) Same polarity with decreasing
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rush current includes a large percentage of second, third, and
fifth harmonic currents. Without proper attention, these in-
rush currents and their harmonic content can lead to nui-
sance operation of the protective devices applied to the trans-
former. However, it will be shown later that these same
harmonics can be utilized to the advantage of the transformer
protection scheme.

Winding Connections

Power transformers can have any one of several winding con-
figurations, as shown in Table 2. The characteristics of these

Breaker to close

LV Bus LV Bus

HV Bus

Breaker 
closed XFMR

 at steady state

configurations vary and must be considered when applying
Figure 3. Transformer connections resulting in sympathetic inrush

protective devices.currents.
For example, referring to Table 2, a delta/grounded-wye

transformer exhibits a 30� phase shift. If the transformer is
manufactured according to ANSI/IEEE Standard C57.12.70,

that described previously. Initial inrush typically occurs when the high-voltage side phase-to-ground voltage leads the low-
a transformer is energized for the first time or after being de- voltage side phase-to-ground voltage by 30�. This is true of
energized for a time. In addition, there are no connected loads both the voltage and current phasors. This presumes that the
and no other transformers are being operated in parallel. Un- phase rotation is A-B-C and the phases are connected to ter-
der these conditions, the inrush characteristics are similar to minals H1, H2, and H3, respectively. If the phase rotation or
those described before. If these conditions are not met, then connections are reversed, the phase shift mentioned is no
the inrush will display different characteristics. longer true.

When a transformer carrying a load experiences a momen- The winding connections and resulting phase shift vary de-
tary loss of source voltage, followed by reenergization (e.g., pending on the system phase sequence, ABC or ACB, and the
following automatic breaker reclosing), the magnetizing in- location of the delta winding with respect to the system. As
rush current is composed of two components: (1) inrush due shown in Figures 4 and 5, the connections differ depending
to the transformer itself, and (2) load recovery inrush due to on whether the delta winding is connected to the high voltage
the sudden increase in voltage from its depressed level during or the low voltage. However, in either case, given an ANSI
the fault. As mentioned before, a voltage transient from the Standard connection, the high-voltage winding always leads
recovering voltage causes a flux increase within the trans- the low-voltage winding by 30�.
former’s core, resulting in an increased exciting current. Cou- In addition, the phase shift across a delta–wye trans-
pled with the load current rise at the same time is a notable former requires special attention to the current transformer
inrush current after the fault is cleared. connection when applying differential protection. To match

Sympathetic inrush current occurs in one transformer as a the currents in current transformer secondary circuits, it is
result of energizing an adjacent transformer, as shown in Fig. necessary to provide connections that account for the neces-
3. The severity of the sympathetic inrush is a function of the sary phase shift and the resulting phase currents. This sub-
level of the voltage drop across the source resistance resulting ject is addressed in more depth in a later section on differen-
from the primary magnetizing inrush current. tial protection.

One predominant factor of any type of inrush described
above is the harmonic content of the current waveform. Table

Winding Taps1 shows typical harmonic contents for transformer magnetiz-
ing inrush currents due to an internal fault with no current Most transformers are equipped with either a high-voltage or
transformer (ct) saturation (1). low-voltage tap changer. In some cases, both are present. The

As previously stated, magnetizing inrush can reach sig- purpose of these devices is to adjust the nominal voltage ratio
nificantly large magnitudes. Table 1 also shows that this in- from one winding to the other to maintain a sufficient load

voltage based on the load requirements.
The low-voltage tap changer, or load-tap-changer (LTC), is

operated under load, therefore, some type of impedance is
necessary to maintain the circuit continuity while changing
between taps (i.e., the switch must be make-before-break to
avoid loss of power to the load). This is accomplished with
resistance bridging, reactance bridging, or vacuum type
switching devices. Generally, load-tap-changers have a volt-
age adjustment range of �10% of rated voltage in 32 equal
steps, or ��% for each step.

The high-voltage tap changer is normally restricted to use
only when the transformer is deenergized. This tap changer
is known as a no-load (NLTC) or deenergized tap changer
(DETC). Deenergized tap changers typically have a switching
range of �5% of rated voltage in four 2��% steps. Because

Table 1. Transformer Harmonic Content Under Fault and
Energizing Conditions

Internal Magnetizing
Component Fault, % Inrush, %

Peak 145% 244%
DC 38% 58%
Fundamental 100% 100%
Second harmonic 9% 63%
Third harmonic 4% 22%
Fourth harmonic 7% 5%
Fifth harmonic 4% 32%
Sixth harmonic 6% 4%
Seventh harmonic 2% 3%
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Figure 4. Differential relay connection for high-voltage wye winding.

these taps are switched while the transformer is de-energized,
there is no need for any type of bridging between the contacts.

Because these tap changers actually modify the winding
ratio of the transformer, care should be taken to ensure that
any protection employed is not adversely affected by the nor-
mal operation of changing tap positions. Thus, actual rather
than typical winding ratios should be considered for protec-
tion setting calculations.

Through-Fault Capability Limits

A transformer through-fault is defined as a fault that occurs
on the secondary of the transformer, resulting in the flow of
high magnitude currents through the windings. These fault
currents can be at magnitudes that damage the transformer
windings, reducing the effective life of the unit. ANSI/IEEE
C57.12 establishes through-fault capability limits for distri-
bution and power transformers. These limits are represented
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Figure 5. Differential relay connection for high-voltage delta
winding.

Table 2. Typical Transformer Winding Connections with
Line Currents (in per Unit) for Secondary Faults
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precise area where the fault occurred. And of course, it is al-
ways recommended that a transformer be inspected after it
has sustained an internal fault and before it is placed back
into service.

A discussion of various types of transformer protection is
given below. Methods included are fuses, harmonic restrained

Table 3. KVA Transformer Ratings

Category Single-Phase Three-Phase

I 5–500 15–500
II 501–1667 501–5000
III 1668–10,000 5001–30,000
IV Above 10,000 Above 30,000

percentage differential, phase and ground overcurrent, over-
excitation, and other ancillary protection.

by time-current curves and are divided into four categories FUSE PROTECTION
(Table 3):

These curves are derived on the basis of three-phase sec- Fuses have been used for many years as the primary protec-
ondary faults for transformers of various impedance levels tion for transformers of various sizes. Within industrial facili-
and for the frequency with which faults occur—frequently or ties, fuses are generally applied to transformers up to about
infrequently. Because the damage that results from through- 3750 kVA as primary protection from short-circuits. The ap-
faults is cumulative over the life of the transformer, units plication of fuses at utilities vary considerable, but some pro-
subject to frequent fault occurrences have their capability vide power fuses for transformers up to about 10 MVA. Most
curves restricted to lower values. utilities however, use circuit breakers or circuit switchers

The protection applied to a distribution or power trans- with relays for transformers above about 5000 kVA. In most
former must address these capability curves. Overcurrent de- applications, system conditions determine whether or not to
vices should detect and clear damaging fault currents before use fuses for transformer primary protection. Fuses are not
reaching the levels established by the capability curves. Con- commonly used above 69 kV because of fuse availability and
sideration should also be given to the transformer’s winding transformer costs.
connection to ensure that adequate minimum and maximum The application of fuses for transformer protection re-
protection levels are achieved for various types of faults, as quires considerable knowledge of the system characteristics
shown in Table 2. and the performance of the fuse itself. Fuses must be sized to

provide adequate protection, yet ensure that misoperation
does not occur during normal operation. Smaller fuse sizesPROTECTION METHODS
may be necessary to detect and quickly clear certain types of
faults to limit transformer damage. However, the characteris-There are several methods of applying protection to power
tics of the smaller fuse size must be coordinated with othertransformers. Each differ in complexity, sensitivity, and selec-
factors to minimize nuisance operations. For instance, it istivity. The objective of any protective scheme is to provide fast
not commonly possible to clear low magnitude faults underfault clearing while minimizing equipment damage, system
the transformer through-fault capability curve, especially fordisturbance, and service outage time. The faster a fault, ei-
ground faults on the secondaries of delta–wye transformers.ther internal or external, is detected and cleared from the sys-

Other factors considered when selecting fuses for primarytem, the lower the possibility of catastrophic damage to the
transformer protection includetransformer.

In addition to faults, transformers should be protected
• system voltageagainst damaging overload conditions. Extended transformer
• fuse ampere rating selection factors including maximumoverloading leads to increased temperature in the windings

available fault current (fault interrupting rating); loadand other components. If allowed to go beyond the maximum
current including normal, peak, emergency, and cold loaddesigned temperature limit, deterioration of the insulation
pickup; and magnetizing inrush currentsystem occurs, reducing the transformer’s useful life. If the

insulation is weakened sufficiently, a moderate overvoltage • type of secondary loads
may cause a breakdown of the insulation and lead to a turn- • coordination with other overcurrent devices
to-turn or phase-to-ground fault within the transformer.
Therefore, transformers should be monitored for overloads be- System Voltage
yond their design capability. IEEE Standard C57.12.91 and

Fuses used to provide primary protection for three-phaseC57.12.92 provide guidance for anticipated loss of trans-
transformers should have a maximum design voltage ratingformer life verses overload level and duration.
that equals or exceeds the maximum phase-to-phase systemThe type and amount of protection used is dictated by the
operating voltage. However, for single-phase transformers,specific application. Smaller transformers (up to about 3750
the maximum voltage rating need only equal or exceed thekVA and 2.4 kV) normally have adequate protection with pri-
system phase-to-neutral voltage. Although, it is sometimesmary fuses and secondary ground overcurrent relays. A
economically desirable to use phase-to-neutral rated current-greater degree of protection is normally recommended for
limiting fuses to protect three-phase power transformers, thetransformers of larger sizes (5000 kVA and greater), primar-
following conditions should be considered to ensure proper op-ily because of the greater expense of these transformers or
eration:availability of a replacement spare unit and the desire to pro-

vide increased sensitivity and selectivity. Increased sensitiv-
ity aids in quickly detecting and clearing transformer faults. • Transformer connection is grounded-wye/grounded-wye,

grounded-wye/delta, or wye/delta.The greater selectivity helps during inspection in locating the
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• Phase-to-phase or three-phase ungrounded faults are un-
likely.

• Fault current is high enough to operate two fuses simul-
taneously in less than 0.2 s.

• The load is predominately ungrounded.

• A secondary breaker is used to interrupt overloads.

Fault Current Interrupting Capability

The fuse should be selected so that its short-circuit inter-
rupting rating is equal to or greater than the maximum fault
current available. Anticipated changes in system growth
should also be considered to reduce the possibility of out-
growing the fuse capability.

Fuse Ampere Rating Selection

The continuous current loading capability of the transformer
primary fuse should accommodate all loading conditions, in-
cluding normal daily loading, cold load pickup, periodic peak
loads, and any emergency peak loads. The fuse should provide
for these current levels and the loading duration without op-
erating. Therefore, sufficient margin should be allowed in the
rating selection. The drawback to selecting a larger fuse rat-
ing is that the protection level afforded the transformer is
lowered. This should be evaluated closely to ensure that ade-
quate transformer protection is provided. Typically fuses are
chosen that have full load current ratings 1.5 to 2.5 times the
transformer full load current.

The operating characteristic of the fuse should also be ca-
pable of withstanding any magnetizing inrush currents that
are expected, without operating or damaging its fusible ele-
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ments. Typical inrush currents include initial, recovery, and
Figure 6. Transformer secondary currents with open primary phasesympathetic inrush currents, as described above. The magni-
supplied to a three-phase induction motor.tude and duration of the inrush current vary with trans-

former size, however, a conservative estimate generally used
is a current magnitude 12 times the transformer primary full-
load rated current for 0.1 s. in Fig. 6. These negative sequence currents will result in ther-

Fuses should also protect the transformer against damag- mal damage if not removed quickly.
ing secondary overload currents while maintaining coordina- Negative sequence overcurrent protection may be applied
tion with other overcurrent devices. Current-limiting fuses to the secondary of the transformer for this type of condition.
are designed to provide high-speed fault clearing where the However, consideration should be given during the selection
threat of damage from extremely high fault current levels is of the protective devices to ensure adequate protection of the
present. These fuses usually provide inadequate protection transformer and its secondary loads.
for transformer overloads and coordination with other fuse
types is difficult. Effort should be taken to select a fuse size

Coordination with Other Devicesthat provides primary protection, while maximizing the pro-
tection against secondary overloads. When applying fuses for primary transformer protection, it is

necessary to coordinate the operating characteristics with
other overcurrent protective devices on both the primary andType of Secondary Loads
secondary. Coordination with other devices ensures that only

Care should be exercised when applying fuses to protect the faulted portion of the power system is taken out of service
transformers that carry three-phase secondary loads, such as for a given fault. Without coordination, large portions of the
induction motors. Fuses open only one phase in response to system would be interrupted, making it difficult to locate the
single-phase overcurrent conditions. For single line-to-ground origin of the problem. For line-to-ground faults, fuses on the
faults on the transformer primary circuit, unbalanced volt- delta side of a delta–wye transformer may see current that
ages will be applied to the terminals of the secondary loads. is significantly less than the current on the wye side of the

For single-phase loads, this poses no problems. However, transformer. This will have notable effects on the transformer
for three-phase loads, these unbalanced voltages will produce fuse coordination with downstream devices. See Table 2 for

typical effects of transformer winding connections.negative sequence currents in the secondary circuit, as shown
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OVERCURRENT PROTECTION

Overcurrent relays are used as primary protection for smaller
transformers and as backup protection for transformers with
differential protection. Overcurrent relays are applied for
both phase and ground fault protection. Overcurrent relays
on the transformer primary typically include instantaneous
and time-overcurrent functions. However, the instantaneous
relay is normally set not to trip for secondary faults. Overcur-
rent relays on the transformer secondary circuit are normally
limited to time-overcurrent functions because of the require-
ment to coordinate with devices downstream of the trans-
former. The primary protective devices must also coordinate
with the magnetizing inrush characteristics of the trans-
former to limit nuisance tripping.

Because overcurrent relays operate on the magnitude of
the current flowing in the circuit, these devices are suscepti-
ble to all factors that produce high currents, including mag-
netizing inrush and overloads. As a result, the pickup setting
of the instantaneous and time-overcurrent relays must be set
above these levels to alleviate nuisance operations.

For example, a transformer with a rated primary load cur-
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rent of 125 A could have an initial magnetizing inrush cur-
rent of as much as 1500 (125 A � 12) amperes. Although this Figure 8. A comparison of extremely inverse and I2t time curves for

transformer through-fault protection.current decays relatively quickly, the time-overcurrent relay
must be set with a sufficient pickup and time dial to prevent
operation. As shown in Fig. 7, the time-current characteristic
of the overcurrent relay should be above and to the right of

Because of the quick operating time of instantaneous overcur-the transformer magnetizing inrush point. The magnetizing
rent relays, coordination with downstream time–overcurrentinrush point is defined as the magnitude of the inrush current
devices is difficult. If applied on the transformer secondaryat 0.1 s. If the curve falls below the inrush point, the overcur-
circuit, instantaneous overcurrent relays would require arent relay could operate during transformer energizing.
time delay to allow downstream time-dependent devices (e.g.The operating characteristic of the overcurrent relays must
fuses and relays) to function first for faults on feeders oralso coordinate with other time-dependent protective devices
branch circuits, except where the nearest protective devicesupstream and downstream of the protected transformer. The
have fault duties below the instantaneous setting. However,application of instantaneous overcurrent relays is frequently
applied to the high-voltage winding, the pickup can be setlimited to use on the high-voltage winding of the transformer.
sufficiently high to alleviate any loss of coordination with
downstream devices. Some microprocessor-based protection
systems communicate blocking signals to other like systems,
making application of instantaneous protections on the trans-
former secondary winding feasible.

In either case, the pickup of the relay should conform to
the requirements of the ANSI/NFPA 70-1996 (National Elec-
trical Code). The NEC establishes upper limits for protecting
transformers in industrial or power systems. These are maxi-
mum limits and should not be considered the preferred set-
tings. Generally, transformer secondary protective devices set
for approximately 125% to 150% of the maximum rated load
current, provide excellent overload and fault protection.

The slope of the time-current characteristic should match
the through-fault withstand capability curve of the trans-
former as closely as possible. This provides the required pro-
tection and does not limit operation of the transformer. Most
modern numerical relays include a variety of time-current
curves, including standard inverse and I2t time curves. The
I2t time curve matches exactly the slope of the through-fault
withstand curve and provides the best protection. The ex-
tremely inverse curve would be the next preferred selection
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and adequately protects the transformer against damage. A
comparison of these two characteristic curves is shown inFigure 7. Example of time-overcurrent relay coordination with mag-

netizing inrush point. Fig. 8.
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Overcurrent relays provide excellent protection for applica-
tions whose fault current is high. However, because overcur-
rent relays must be set sufficiently high to allow for normal
operating conditions, as described before, they provide only
limited protection for winding faults or ground faults on
transformers with impedance grounding. In these cases, the
fault current can be well below the sensitivity setting for over-
current relays. Thus, additional means of protection should
be employed.

DIFFERENTIAL PROTECTION

Protected
equipment 600/5 CTR600/5 CTR

Operate 
circuit

B

A

I = 360 A 360 A

3.0 A3.0 A A

No operation
resulting

(a)

O

Differential protection is often used as primary protection on
transformers rated 5000 kVA and above. This type of protec-
tion provides fast, secure operation for faults within its zone
of protection. However, differential relays do not generally de-
tect turn-to-turn faults within the transformer’s windings.

Theory of Operation

Differential relays establish a zone of protection, bounded by
current transformers on either side of the protected equip-
ment. The differential relay compares the currents flowing
into and out of the protected zone based on the replicated

600/5 CTR600/5 CTR

Operate 
circuit

B

A

360 A

3.0 A3.0 A AO

No operation
resulting

(b)
signals in the current transformer secondary circuits. If the
currents on either side of the protected equipment are not
equal in phase angle and magnitude, the relay provides a con-
tact output for tripping. A further examination of the differen-
tial principle follows.

Figures 9(a) and 9(b) show a simplified schematic repre-
senting the differential principle applied to one phase. The
protected equipment in this case could be a generator, bus, or
power transformer. The current transformers are located on
both sides of the equipment, and each has a ratio of 600 : 5 A.

Under normal conditions, Figure 9(a), the load current of
360 A flows into the left side and out of the right side of the

600/5 Ctr600/5 Ctr

Operate
circuit

B

A

1920 A 360 A

3.0 A16 A 13.0 A

No operation
resulting

(c)
protected equipment. With 360 A flowing into the polarity

Figure 9. Differential operating principle. (a) Normal operating con-
side of the left-side current transformer primary winding, a dition. (b) External fault condition. (c) Internal fault condition.
current of 3.0 A is produced which flows out of the polarity
side of the secondary winding. Similarly, the 360 A flowing
into the nonpolarity side of the right-side current transformer

ondary current contribution from that side increases to 16 A.primary winding, produces a current of 3.0 A which flows out
The secondary current contribution from the right side is onlyof the nonpolarity side of the secondary winding. From this,
3.0 A. This differential current of 13.0 A flows through theit can be seen that the secondary current flowing into and out
operate circuit of the relay resulting in a trip output.of points ‘‘A’’ and ‘‘B’’ are equal and the current simply circu-

This example has assumed ideal conditions with 100% ac-lates through the secondary windings of the current trans-
curacy of the current transformers and no current or phaseformers. There is no current flowing through the operating
angle variations on either side of the protected equipment.circuit, and the relay does not provide a trip output.
Applied in its strictest definition, any differential currentFigure 9(b) shows the same circuit with a fault located out-
would produce an operation of the relay. When the differen-side of the protected zone. As can be seen, the effect on the
tial principle is applied to transformers, these and several ofdifferential relay is the same as previously for normal opera-
the factors discussed previously must be taken into consider-tion. Because the fault is outside the differential zone, the
ation.flow of current through the protected equipment is not af-

fected. The magnitude could change depending on the system
Differential Applications

conditions. However, this magnitude change will similarly af-
fect the current transformers on both sides of the protected Inherently, the currents on either side of a power transformer

differ because of the voltage change across the windings.equipment, resulting in no operation of the differential relay.
In Figure 9(c), the fault is located within the protected Therefore, it is necessary to match or balance the currents

into the differential relay. This is normally accomplished byzone. Now the current flow to the fault from the left side of
the protected equipment has increased to 1920 primary am- using taps on the relay. All differential relays include internal

current transformers with various tap settings for adjustingperes, whereas the current on the right side has not changed.
Because of the higher fault current on the left side, the sec- the current inputs to closely match within the relay. For most
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differential relays, matching the relay nominal current inputs not detected. Therefore, overcurrent relays for transformer
differential protection are normally not recommended.to within 5% to maximize the relay’s sensitivity and alleviate

any false operations is suggested.
Depending on the relay design, it may be necessary to in- Percentage Differential Protection

clude auxiliary current transformers in the secondary circuit
There are several types of percentage differential relays avail-to achieve the desired current level. This is usually the case
able depending on the particular application. These includewith electromechanical type relays which have fewer tap set-

tings. Static design relays normally have taps adjustable in
0.1 A increments across the complete tap range. This allows fixed percentage
keeping the mismatch to a minimum without the need for variable percentage
auxiliary current transformers.

variable percentage with harmonic restraintDifferential relays for transformer applications are of the
following two types: overcurrent differential or percentage dif-

Variable percentage relays with harmonic restraint are nor-ferential. Both of these are discussed here.
mally used for protecting power transformers. The greater se-
lectivity afforded by the variable percentage characteristicOvercurrent Differential Protection
makes this function desirable. The harmonic restraint func-

Overcurrent differential relays operate on the basis of a fixed tion is needed to eliminate false operations during magnetiz-
difference current. This type of differential protection is the ing inrush.
least expensive. However, it is also the most affected by extra- In actual practice, there is a difference in the secondary
neous system characteristics. Overcurrent differential protec- currents because of the current transformer performance er-
tion is achieved by placing high-speed instantaneous overcur- ror current. If not corrected, this could result in false opera-
rent relays within the differential circuit. Referring to Fig. 9, tion of the differential relay. To restrain operation for through
an overcurrent relay would be connected between points ‘‘A’’ faults and allow for normal imbalances, a restraining winding
and ‘‘B.’’ is placed in each current input circuit of the relay, as shown

The pickup setting placed on the relay should be set high in Fig. 10.
enough to allow for transient system conditions, such as mag- The restraining windings are the basis behind the percent-
netizing inrush, tap changer action, and imbalances due to age differential relay. The percentage differential principle
current transformer errors. Of course, the higher the set point considers the ratio of the operating current to the restraint
on the relay, the greater the loss of sensitivity. In some cases, current. When the operating current exceeds the percentage

set point of the restraint current, the relay provides a tripthe setting could be so high that many low-grade faults are

Figure 10. Differential circuit with re-
straining windings for delta–wye
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rent(s) that the relay utilize differ among relay designs. Some
inhibit on a percentage range of second harmonic current
only, whereas others include a percentage range for all har-
monics up to some finite multiple (i.e., seventh harmonic).
Each of these methods has advantages and disadvantages.
However, both have been used for years to provide adequate
protection against misoperation under energizing conditions.

As mentioned in the second section, delta-wye connected
transformers produce a 30� phase shift from the high-voltage
winding to the low-voltage winding. This phase shift must be
accounted for in applying the differential relay. There are cur-
rently two methods which allow for this phase shift: (1) con-
nect the current transformers so that the secondary currents
provide the appropriate phase-shift correction, or (2) provide
the required correction within the settings of the differential
relay.

Figure 10 shows the method of using current transformer
connections for phase-shift correction. Connecting the cts of
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Restraint current (multiples of tap) the delta side of the transformer provide secondary currents
that match the phase shift of the primary line currents. ToFigure 11. Typical percentage differential operating characteristic.
match these on the transformer wye side, its current trans-
formers should be connected in delta. The delta connection
will provide a phase shift from the wye line currents in the
primary and match the phase shift of the secondary currentsoutput. This principle provides an operating characteristic

similar to that shown in Fig. 11. from the transformer’s delta side. Care should be taken to
ensure that the phase shift is made in the correct direction soThe operating current is plotted on the vertical axis and

the restraint current is plotted on the horizontal axis. The that the secondary currents in each phase are exactly 180�
displaced from one another.value used for the restraint current varies among relay manu-

facturers. Some use the average of the restraint currents, and
others use the maximum restraint current. Using the maxi- GROUND DIFFERENTIAL PROTECTION
mum restraint current provides greater security but forfeits
some sensitivity over that of the average restraint method. Ground differential protection may be applied on transform-

Consider the example shown in Fig. 10. Assume that the ers where the ground fault current is limited by impedance
settings on the relay are for a tap of 2.0 and 4.6 for the high- grounding. This type of differential protection utilizes the re-
voltage and low-voltage inputs of the power transformer, re- sidual connection of the phase ct’s and a ct in the neutral
spectively. The percentage slope is set to 25%. Then, using ground connection of the transformer, as shown in Fig. 12.
the maximum restraint method, the 10 A secondary current
on the high-voltage side is selected. From the characteristic
curve shown in Fig. 11, extend a line from 10 A on the re-
straint current axis up to the slope characteristic of 25%.
From this point, cross over to the operate current axis. This
intersection indicates the amount of operating current (in
multiples of tap setting) required to produce an output. In
this example, the relay would require 2.5 A of current
through the operate circuit for operation, given a restraint
current of 10 A, or 0.25 � 10 A.

This same method can be used for any multiple of restraint
or operating current or any percentage slope setting. Slope
settings and characteristics vary among manufacturers. How-
ever, the basic premise behind all percentage characteristics
is similar.

The harmonic restraint capability functions to inhibit oper-
ation of the relay during periods of magnetizing inrush cur-
rents. As indicated in the second section, harmonic currents
produced during energization can develop magnitudes that
will create enough difference current to operate the relay. By
using a filter to measure the harmonic content of the current
signal, operation of the relay can be inhibited if the harmonic
current is above a certain level.

Relay manufacturers utilize the harmonic content of the
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magnetizing inrush current to inhibit the relay’s operation
during transformer energization. The specific harmonic cur- Figure 12. Application of a ground differential relay.
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The ground differential scheme protects for ground faults only The major disadvantage of using a nondirectional overcur-
rent relay is its inability to set the pickup and trip time toon the wye-connected winding of the power transformer. Be-

cause secondary ground faults are blocked from the delta pri- clear low-grade faults quickly, while remaining secure for
phase faults or magnetizing inrush. During phase faults, themary, this scheme does not protect the delta-connected wind-

ings. However, ground differential protection does provide a current can be as much as 100 times the maximum current
flowing during a ground fault. Therefore, small differences inhigh degree of sensitivity for low magnitude ground faults on

the transformer secondary, thereby, minimizing equipment the performance of the cts produce a false residual difference
current that can cause operation of the ground differentialdamage while enhancing system stability. Because this

scheme is based on the differential principle, there is no need relay. Thus, sufficient time delay must be used to ride
through these types of faults, giving time for the phase faultto coordinate operate time with other devices. Therefore,

ground differential protection provides selective, sensitive, protection to operate.
Allowances for magnetizing inrush currents must also behigh-speed ground fault detection and tripping.

Ground differential protection may be accomplished by us- made. As described previously, the magnetizing inrush ap-
pears as an internal fault to the differential circuit. Therefore,ing a single-phase, nondirectional overcurrent relay, a prod-

uct type relay, or a current polarized directional ground over- the overcurrent relay must include sufficient delay to prevent
operation during this time.current relay.

The ground differential scheme protects equipment located The use of a product type relay alleviates some of the dis-
advantages of the overcurrent relay. The product type relaybetween the phase cts and the neutral cts. For the example

shown in Fig. 12, this includes the secondary main circuit is an electromechanical design that utilizes an upper and a
lower coil on the same shaft. The pickup sensitivity of thebreaker. The auxiliary current transformer (ACT) is required

to match the secondary currents from the phase ct residual relay is a function of the current in the lower coil and the
current in the upper coil times the cosine of the phase angleconnection to the neutral ct.

Figure 13 shows the application of a nondirectional over- between them. The current transformers in this scheme,
shown in Fig. 13, must be connected so that the current flowscurrent relay. For a line-to-ground fault external to the differ-

ential zone, the secondary neutral currents are of equal mag- into the polarity marks of both coils simultaneously for an
internal fault. When the currents flow into the polaritynitude and direction and simply circulate in the ct’s

secondary, with no resultant current through the relay. marks, they are in phase with cos 0� � 1 and produce a maxi-
mum operating torque on the relay.Should the fault be within the protected zone, there is an im-

balance of secondary currents, and the difference current During an external fault, the phase angle between the cur-
rents is 180� with a cosine of �1. This produces a maximumflows through the relay, causing operation. Because of the re-

liance on the direction of current flow, it is critical that the torque in the coils that oppose each other, inhibiting opera-
tion of the relay.polarities of all cts be connected properly.

The directional overcurrent relay that has inverse time
characteristic can be used similarly to the product type relay,
where the nondirectional operate circuit is connected in series
with the current polarizing circuit. The scheme can use either
an autotransformer (Fig. 13) or an auxiliary current trans-
former (ACT), as shown in Fig. 14.

The nondirectional overcurrent function operates on the
magnitude of fault current. The directional polarizing circuit
provides a torque control to inhibit operation of the relay for
faults outside the differential zone. The directional circuit
must be connected with the proper polarity for this scheme to
work correctly.

Analysis shows that this scheme provides accurate and
fast operation for secondary ground faults, even with no cur-
rent contribution from the system. It can operate adequately
with wide differences in currents or ct performance; thus, pro-
viding excellent ground fault protection for the transformer
secondary circuit.

OVEREXCITATION PROTECTION

Transformer overexcitation occurs when the voltage applied
to the primary windings exceeds the rated voltage for ex-
tended periods of time. Power transformers are operated at
voltages near the knee of their excitation curve. Because this
is the point at which the core has maximum permeability,
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small increases in voltage result in significant increases in
the excitation current. For voltages higher than about 110%Figure 13. Ground differential scheme using a product type relay

and current matching autotransformer. of rated, the excitation current reaches a damaging level very
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Most protection methods available are primarily limited to
monitoring the gas or oil used in the preservation system. In
addition, strategically located resistance temperature detec-
tors (RTDs) are used to measure the heat within different
areas of the transformer, monitoring the transformer hot
spots.

Protection devices for liquid preservation systems include
the following:

Liquid Level Gauge. If the insulating liquid drops too low,
overheating or an internal flashover could result. The
liquid level gauge monitors the liquid level and provides
contacts to alarm or trip.

Pressure-Vacuum Gauge. provides a comparison of the in-
ternal gas pressure and the external ambient tempera-
ture for sealed tank oil preservation systems. Large
variations in pressure can indicate abnormal conditions
and should be detected before tank rupture or deforma-
tion occurs.

Pressure-Vacuum Bleeder Valve. provides an automatic re-
lief for gradual changes in pressures that exceed prede-
termined limits.

Pressure Relief Device. provides an automatic relief for
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both gradual and extreme sudden changes in pressures
that exceed predetermined limits. This unit typicallyFigure 14. Ground differential scheme using a directional overcur-
provides remote alarming and automatic resetting.rent relay and auxiliary current transformers.

Gas Accumulator or Detector Relay. is used on conservator
type tanks to trap any gases that rise through the oil
toward the conservator tank. It is usually monitored asquickly. If left undetected, thermal damage of the insulation
alarm only because any type of gassing can cause theoccurs, leading to reduced transformer life, or worst case, re-
relay to operate.sulting in a turn-to-turn short-circuit or phase-to-ground

Sudden Pressure Relay. is used to trip the transformerfault.
from the system upon a sudden change in internal tankOverexcitation protection is seldom placed directly on
pressure. This sudden change in pressure indicates in-transformers unless the transformer is connected as a unit
ternal winding or ground faults, requiring immediatestep-up for a generator. Then the protection is applied on the
isolation. Sudden pressure protection is considered bygenerator in the form of a volts/hertz relay. The ratio of the
some as primary protection.voltage and frequency on a generator should remain constant.

Oil Temperature Indicator. measures the temperature ofThe volts/hertz relay monitors this ratio and trips for devia-
the insulating oil at the top of the transformer tank.tions outside the set point. This also protects the unit-con-
As the temperature of the insulating liquid increases, itnected transformer against damaging overvoltage conditions.
becomes lighter and travels toward the top of the tank.Protection against overexcitation on smaller transformers
This provides a measure of the winding temperature asis rarely used because of the location relative to the genera-
related to transformer loading. Multiple contacts aretion source. However, it may be necessary to apply overexcita-
normally provided for automatic stage switching oftion protection to transformers located in a transmission sys-
forced-air cooling equipment. A contact is also used fortem remote from a cogenerator operating on a distribution
alarming if the preset temperature level is exceeded.system. Most overexcitation conditions originate near the

source of generation but may also occur on long transmission
lines. Because protection is normally provided at these loca- Other types of ancillary mechanical protection devices are
tions, it becomes unnecessary to duplicate this protection at available depending on the manufacturer of the transformer.
the remote transformer locations. It is recommended that each application be examined and the

appropriate devices applied to provide the desired level of
transformer protection.

ANCILLARY PROTECTION

N. T. STRINGER
Ancillary protection varies with the type of preservation sys- Omicrom Electronics Corporation
tem for the transformer core and windings. Preservation sys-
tems based on dry or liquid methods are available. Dry type
transformers offer open ventilated, filtered ventilated, totally

TRANSFORMERS. See CURRENT TRANSFORMERS; INSTRU-enclosed nonventilated, or sealed-air or gas-filled designs.
MENT TRANSFORMERS; POTENTIAL TRANSFORMERS; SUPERCON-Liquid preservation systems offer designs using sealed tank,

positive pressure inert gas, gas-oil seal, or conservator tank. DUCTING TRANSFORMERS.


