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1. Introduction

Microprocessor-based current differential relays offer superior protection for power trans-
mission lines. The key advantages over distance relays include better sensitivity for high resis-
tance faults, 100% line protection, and better performance in the single-pole-tripping mode, par-
ticularly during evolving and cross-country faults.

Besides the well-known requirements of high-speed communication and sampling synchro-
nization, a microprocessor-based differential relay requires � as per principle of differential pro-
tection � that the currents are monitored on all the circuits connected to a protected line including
tapped transformers and lines. This may create a problem as the tapped connections are meant to
provide a cost-effective alternative to actual substations. The taps are made outside the main sub-
stations and may not be equipped with proper protection means such a Circuit Breakers (CBs)
and Current Transformers (CTs). Also, high-speed communication from the tap site may be a
problem. This either limits the application of line current differential relays or makes the tapped
connections economically less attractive.

This paper discusses application problems and solutions permitting the application of current
differential protection to tapped transmission lines without measurements at the tap point (-s).

2. Problems Caused by Tapped Transformers

Figure 1 presents a sample system configuration with two parallel lines and several trans-
formers tapped. The low voltage busbars may be interconnected although in most applications,
the tap feeds a radial load. Note that if the LV busbars are networked, some means of isolating a
fault on the LV side must be provided so as to prevent backfeed for a fault on the differentially
protected line. It is assumed that the current differential protection system monitors the currents
only in the main substations. Currents at the taps, either transformers or lines, are not available to
the relays.

One possible solution to the problem of protecting such configurations is to use directional
elements on the tapped transformers to send a blocking signal to the line differential protection
system. This approach actually combines the differential protection principle yielding good sen-
sitivity but requiring high-bandwidth communications, with the directional blocking scheme that
may be accomplished using more traditional signaling channels. Depending on the availability of
the CBs at the tap, the blocking signal should be sent for transformer and downstream faults
(when the CBs are installed at the tap and a faulty transformer may be isolated from the tap) or
only for faults at the low voltage bus and downstream (when the CBs are not available and a
faulty transformer requires tripping the entire line). As the line differential system is not sensitive
enough to provide sufficient protection for the transformer, a direct transfer trip must be actually
sent by the transformer protection to the relays in the main substations. In any case, reliable
communication is required from the tap (-s) to the main substations.

This paper presents a solution that assumes that high-speed communication from the taps fa-
cilitating digital current differential protection is not available. It is assumed that the protection
zone must cover the entire line including taps and a portion of the high voltage windings of the
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transformers. It is to be noted that the ability to protect a tapped power line without measuring all
the currents in the zone will cost the user in terms of sensitivity and speed of performance.

 The following sources of differential error signals need to be addressed to make the applica-
tion possible:

•  Total load current of the tapped transformers and lines.

•  Faults on the low voltage side of the transformers.

•  Magnetizing inrush of the tapped transformers on top of the line capacitive inrush current.

•  External ground faults on the high voltage system causing a zero-sequence infeed from the
line-side windings of the tapped transformers when connected in a grounded wye.

The following sections discuss these problems and proposed solutions.

3. Application of Differential Relays to Lines with Tapped Transformers

3.1. Unbalance Caused by the Load Current
During normal operation the tapped transformer (-s) will draw some load current. The total

load current would appear to the line differential system as an error signal. Typically, the amount
of load drawn from tapped connections is low as compared with the power transferred between
the main substations. This provides the opportunity to restrain the differential relay by the bias
current. However, as the number of taps increases (as high as five), the total load current leaking
from the differential zone may become quite high. Also, when the line is initially energized, the
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Figure 1. Sample system with two parallel lines and several tapped transformers.
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entire load current is supplied from a single terminal and the differential error current will be
equal to the restraining current and, as such, the biased characteristic does not help.

One solution to the problem is to raise the pickup setting above the sum of the maximum total
load current and the line charging current. It should be noted that the penalty for raising the
pickup setting is loss of sensitivity.

As far as the charging current is concerned, the following should be taken into account. For
long lines, the compensating reactors may be used, therefore the pickup setting should accom-
modate only the uncompensated portion of the charging current. Modern digital relays can apply
an adaptive pickup setting based on the connection status of the shunt reactors. Alternatively, the
shunt reactor current can be input directly to the relay and digitally subtracted from the total cur-
rent. Digital relays can also directly compensate for the charging current by virtually calculating
the charging current on-line using the terminal voltage and line parameters. Such compensation
can attenuate the differential error current due to capacitive charging by a factor of ten.

The charging current that is seen by the differential relay � regardless of the compensation by
the shunt reactors and/or relay compensating algorithms � is shifted by 90 degrees or more as
compared with the load current drawn by the tapped transformers. This allows for lower pickup
setting because the net current is lower than the sum of magnitudes of the charging and total load
currents.

When a line differential relay uses a traditional characteristic with separate boundaries created
by slope and pickup settings, then only the pickup setting can prevent misoperation due to the
leaking load current - increasing the slope does not help in single infeed situation. Some relays,
however, combine the pickup and slope settings when creating the restraining current (for a
given restraint level the higher the slope, the lower the pickup). This gives a chance for better
sensitivity even when the relay is set to restraint on the total tap load current.

Another solution to the differential error signal caused by the unmonitored load current is to
apply distance supervision. The setting requirement is to overreach all the line terminals but
avoid picking up on the load current. The overreaching distance elements will, however, pickup
on close external faults on the HV system. Under such conditions, however, the differential sys-
tem would see increased restraint current due to the through fault current. In addition, the large
restraining current may be present only in the faulted phases while the differential error current
due to the load is present in all three phases. All this may endanger security and the higher
pickup/slope settings may be required despite the distance supervision.

3.2. Faults on LV Side of the Tapped Transformers
As the tapped currents are not included into the current balance monitored by the differential

relays, faults on the low voltage side of the taped transformers would create a differential signal
and, most likely, result in a misoperation.

Distance supervision can be used to cope with this problem. The distance element should be
set to overreach securely all the line terminals including tapped lines. But at the same time, they
should not reach to the low voltage terminals of the transformers (Figure 2). This may create a
problem, particularity if the transformers have a large power rating, are located very close to the
substations, and at the same time the line is very long (Figure 3). In this difficult situation it
would be recommended to include this tapped transformer into the differential scheme.  How-
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ever, if inclusion was impossible, a decision could be made to allow the nearest terminal to the
tapped transformer to operate for low side faults.  Note that the far terminal can be set not to op-
erate and maintain connection to the line and any other load transformers on the line. Automatic
reclosing can be coordinated to allow the near circuit breaker to reclose after the distribution
fault is cleared and return the line to full service. Typically, however, the tapped transformers are
of relatively small power rating and the reach setting that meets the above requirements is often
possible.

If the considered line is a parallel line and/or has more than one tap and/or there are intercon-
nections between the low voltage sides of the transformers, then detailed short circuit studies are
required to set the distance supervising functions as well as a means of disconnecting any posi-
tive sequence source

In most cases, the tapped transformer is delta on the high side and grounded wye on the low
side. This configuration provides a natural differentiation for internal versus external ground
faults as transformer low side ground faults will not present any zero sequence current to the
differential relay. As such, a ground overcurrent element in the differential can be used to enable
differential operation on the line.

When the tapped transformer is grounded wye on the high side, the zero-sequence compensating
factor for the ground distance elements should be approached carefully. On both internal and
external faults the tapped transformers would feed the zero sequence currents. These currents are
not measured by the relays, but they will cause extra zero-sequence voltage drops along certain
segments of the line (Figure 4). In other words, the zero-sequence impedances of the transform-
ers would appear as shunt elements in the zero-sequence equivalent network thereby decreasing
the zero-sequence impedance as seen from the fault location. Again, detailed short circuit studies

Figure 2. Illustration of the reach requirement for the distance supervising functions.
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for both internal and external fault would help to select an adequate value of the zero-sequence
compensating factor.

Modern microprocessor-based line current differential relays can provide at least one zone of
distance protection. This suits the application well as no extra cost is generated and the trip time
is not increased by the output and input contacts activation times as it would be when using an
external relay.

Another solution is to utilize a pickup signal of a microprocessor-based backup distance relay
� if installed � and send the permission via fast communications, if possible. This, however,
would endanger the very concept of backup protection.

3.3. Magnetizing Inrush Currents
Transformer magnetizing inrush current during line energization may cause the differential

elements to pickup. In order to ensure security of the protection system, the distance supervising
functions must not pickup on the magnetizing inrush.

For this purpose it is justified to consider the initial inrush due to energization since the recov-
ery inrush after an external fault would generate much lower inrush currents because the voltage
at the transformer location is not going to drop dramatically during external faults.
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Figure 3. Potential coordination problem for large transformers and long lines.
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Figure 4. Illustration of the uncertainty as to the zero-sequence compensating factor.
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It may be further assumed that the voltage signal will not drop during the energization inrush
conditions because of the line impedance between the transformer tap and the energizing high
voltage busbar.

For a given distance relay it may be approximated how much of a typical inrush waveform is
seen by a relay circuit or algorithm as the operating signal. Based on that approximation, the
maximum secure reach may be calculated.

One may test, or get the required information from the vendor, as to the maximum allowable
reach of a distance element that would not be picked up on transformer inrush current.

An example of an impedance estimate during inrush might look like:

inrushpeak

n
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Z
_

max 5.2= (1)

Assuming the transformer is very close to the substation, the reach of the distance element
should not be higher than some 0.75 of the transformer impedance. If the peak inrush current is
K times the transformers rated current, one obtains the following equation for the K, guarantee-
ing that while set to 75% of the transformer impedance, the distance relay will not pickup on the
magnetizing inrush current:
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Assuming a 10% short circuit voltage for the transformer, one would get K = 57.7. This means
that as long as the maximum peak inrush current is less than some 57 times the rated current, the
considered distance relay set to reach up to 75% of the transformer impedance will not pickup
during the inrush conditions. This is a pretty good security margin, as a typical magnetizing cur-
rent will be significantly lower than 50 times rated.

It must be kept in mind that this example is valid for the assumed distance characteristic of
(1).

Another factor to consider is a combination of the magnetizing inrush current (inductive) and
the line inrush current (capacitive). The net current appearing at the energizing substation will be
lower as the two components compensate mutually. Also, the harmonic content may be different
as compared with energizing a transformer directly from a busbar. This, however, is of a secon-
dary importance for the supervising distance functions.

Another alternative to prevent differential operation during line energization is the use of
harmonic restraint. Harmonic restraint can be provided either internally if a given current differ-
ential relay provides it or externally by means of a separate relay. This approach must be ap-
proached with caution as the harmonic content may be too low to inhibit the protection during
magnetizing inrush conditions. In addition, a harmonic restraint jeopardizes dependability on
internal faults accompanied by CT saturation.
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3.4. External Faults on HV System
The distance supervising elements overreach the line terminals and will pickup on close ex-

ternal faults. This may create an extra problem if the transformers have grounded windings on
the line side. The neutral current supplied by the transformers will be measured by one terminal
of the line only (Figure 5) and will create an unbalance of the differential signal causing a false
trip.

In order to ensure security, the differential relays must not respond to the zero-sequence cur-
rent. As a digital differential relay may be designed to operate on a per-phase basis, they will
respond to the neutral current. One solution is to set the mode of operation of the differential to
operate either on positive or negative-sequence currents or a combination of thereof.

Another solution is to remove the zero-sequence current from the phase currents prior to
forming a differential signal. Several design options are possible with respect to this:

•  Removing the zero-sequence current entirely, or just a net (unbalance) zero-sequence cur-
rent. The first alternative is theoretically sufficient, but the second one brings more secu-
rity. On internal faults the two options are equivalent.

•  Removing the zero-sequence current from the differential signal only, or from both differ-
ential and restraining signals. The first option brings more security, but deteriorates, to
certain extent, sensitivity on internal faults.

Another tempting idea is to remove the zero-sequence current conditionally � only for exter-
nal faults: Only upon detecting a reverse direction of the neutral current, the removal of the net
zero-sequence current takes place. This approach would keep the original sensitivity of a phase-
segregated relay for internal faults. The major weakness is that only the relay close to an external
fault would sense the fault in the reverse direction. Subsequently, this relay will have to share the
information with its peers to ensure compensation at the remaining terminals. Because of its
complexity, this approach is not recommended.

3.5. Internal Faults
Removal of the zero-sequence current would desensitize the protection on single-line-to-

ground internal faults: the differential current would be reduced to 2/3rd of the original value.
Other sensitivity limitations are caused by distance supervision and less sensitive settings of the
differential element.

I0 LOCAL I0 REMOTEDO NOT MATCH

Figure 5. Ground current fed by the transformers with grounded wye connections.
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Another problem caused by the removal of the zero-sequence current is a differential error
signal created in the healthy phases. As a consequence, the healthy phases will overtrip on inter-
nal faults. This is a straightforward consequence of the fact that the relay, although phase-
segregated, responds to the negative- and positive-sequence currents only and as such is not ca-
pable of proper fault type identification based on the current differential element.

The fault type identification is not, however, of a primary importance as the single-pole trip-
ping should not be applied to lines with tapped transformers.

4. Example

Figure 6 shows a sample 220 kV system with two circuits between the ALPHA and BETA
substations and number of tapped transformers. A SLG fault has been considered at the ALPHA
busbar. Current differential protection on both the circuits is analyzed for this sample fault.

4.1. Simplified Model of the Current Differential Relay
A generic approach to the line current differential protection has been adopted.

The differential signal is formed internally as a vector sum of the local and remote currents:

REMOTELOCALD III += (3)

The restraining signal is created internally as an average of the magnitudes:

BETAALPHA

64km31km43km
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Figure 6. Sample system.
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Pickup and slope are the settings.

4.2. An External AG Fault at ALPHA
The following phasors are measured by the relays (from the short-circuit studies):

Circuit 1:

ALPHA Substation BETA Substation
IA = 1203.8 A @ -81.9 deg IA = 840.3 A @ 99.1 deg

IB = 136.9 A @ 97.1 deg IB = 376.5 A @ -82.5 deg

IC = 136.9 A @ 97.1 deg IC = 376.5 A @ -82.5 deg

Circuit 2:

ALPHA Substation BETA Substation
IA = 1214.9 A @ -81.9 deg IA = 822.6 A @ 98.9 deg

IB = 126.6 A @ 96.4 deg IB = 393.0 A @ -82.2 deg

IC = 126.6 A @ 96.4 deg IC = 393.0 A @ -82.2 deg

The differential currents calculated by a traditional phase-segregated current differential relay
are:

Circuit 1:
IDA = 363.9 A IRA = 1022.0 A

IDB = 239.6 A IRB = 256.7 A

IDC = 239.6 A IRC = 256.7 A

Circuit 2:
IDA = 392.6 A IRA = 1018.8 A

IDB = 266.5 A IRB = 259.8 A

IDC = 266.5 A IRC = 259.8 A

If, however, the zero-sequence currents are removed from the differential signal then the spu-
rious differential error signals are significantly reduced:

Circuit 1:
IDA = 83.15 A

IDB = 41.6 A

IDC = 41.6 A
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Circuit 2:
IDA = 84.5 A

IDB = 42.2 A

IDC = 42.2 A

As seen from the example, removal of the zero-sequence current brings the currents almost to
a perfect balance on this external fault. The remaining spurious differential signal results from
line charging currents and the positive- and negative-sequence infeed coming from the low volt-
age side of the tapped transformers.

In order to cope with the differential error signal, a version of the relay without the zero-
sequence current removal would have to use:

•  either a pickup of 364 A or a slope of 93% (239.6/256.7*100%) for the circuit 1 protec-
tion, and

•  a pickup of 393 A or a slope of 103% (266.5/259.8*100%) for the circuit 2 protection.
Such large values of a slope are not acceptable, and practically, the pickup setting would have

to take care of the differential error currents.

If the zero-sequence current is removed from the differential signal the required settings are as
follows:

•  a pickup of 83.2 A or a slope of 16 % 41.6/256.7*100%) for the circuit 1 protection, and

•  a pickup of 84.5 A or a slope of 16% (42.2/259.8*100%) for the circuit 2 protection.
This example shows that sensitive settings can be preserved if the zero-sequence current is

removed from the differential currents.

5. Conclusions

The application of line current differential protection to lines with tapped transformers has
been presented. The approach taken does not require measurements at the taps, and therefore, is
economically attractive.

The presented application uses distance supervision to prevent misoperation for faults on low
voltage sides of the tapped transformers and zero-sequence removal to cope with external ground
faults on the high voltage system.

� � �
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