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INTRODUCTION

The primary requirement of all protective relaying is one of discrimination, detecting when a fault
condition exists and isolating only the faulted section while maintaining the integrity of the remaining
system. The signal(s) applied to the relay must be such that the relay is able to discriminate between
desired tripping and non-tripping conditions.

In a radial feeder, supplying only customer loads, this can be accomplished by monitoring the current
magnitude for a fault value as opposed to normal load conditions. However, in the interconnected
power system, currents can flow in either direction through the protected line. This makes the task of
fault discrimination more complex.

The introduction of a directional control element to the overcurrent relay, allows the relay to
determine the direction of the current flow, as well as its magnitude, and thereby aid in the
discrimination requirement.

All directional control elements are basically power measuring or sensitive devices. They use a
system voltage as a reference to establish the relative phase angle or direction of the current flow.
These control elements are, however, not configured to measure power for two reasons.

1. The power system is basically reactive and, therefore, the fault power factor is usually low. A
directional element that operates on the real power component would not be as sensitive to a
system fault and therefore may not be fast enough to enable proper clearing.

2. The system voltage must collapse at the point of the fault. This means that unbalance conditions
will exist at the relay location resulting in widely varying signals available for decision making by
the directional element of the relay.

These two factors define the basic requirements of any directional control element:

a. The element must be sensitive. It must determine the phase relationship between the
polarizing quantities for low values of the polarizing current and voltage.

b. Maximum sensitivity needs to occur close to the expected fault angle.

c. The element must be rugged. It must be capable of withstanding high levels of these
guantities that may be experienced during fault conditions.



SYSTEM FAULTS

To more fully understand the problem of directional determination, a brief review of the
characteristics of system faults is in order.

There are four kinds of faults that can occur on the power system

Three-phase
Phase-to-phase
Phase-to-phase-ground
Phase-to-ground
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When one of these fault types occurs along a line section, the voltages and currents at the relay
location will be displaced similarly to the illustration shown in Figure 1. For purposes of illustration
the following assumptions have been made:

a) Effect of load current has been neglected.
b) System impedance angle is 60°
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For a three-phase fault, the currents will be balanced and lag the line-to-neutral voltages by the
impedance angle of the line (approximately 60°).

For a phase-to-phase fault, (A-B), the phase A current lags the collapsed AB voltage by the line
impedance angle of about 60°. Likewise the phase B current lags the BC voitage by a similar
amount.

For a phase-to-phase-to-ground fault, (A-B-G), the situation is similar except the phase-to-neutral
voltages A-N and B-N also collapse somewhat. This collapse is determined by how solidly the
system is grounded. Two limit conditions can be described for the collapse of the system voltage due
to a fault. For one limit, the system is grounded through a very high impedance (Zo). In this case the
currents in the faulted phases will be nearly the value for a phase-to-phase fault except for the
addition of a low level ground current. The fault will establish the ground potential near the mid-point
of the phasor between A and B.

The other limiting condition occurs when system impedances are equal (Z1=Z2=Zo) for all parts of
the system. In this case the three-phase system responds like three single-phase systems. The
phase-to-phase-to-ground fault, (A-B-G), will then be similar to a three-phase fault except that phase
C voltage (C-N) does not collapse and only load current flows in phase C.

For a single phase-to-ground fault on phase B, the corresponding phase B-to-ground voltage
collapses and the phase B current again lags the phase B-to-ground voltage by the impedance
angle of the total line-ground-return circuit including the fault impedance. Again, the two limiting
conditions show that if Z1=Z2=Zo for all parts of the system, this fault will not affect the other two
unfaulted phases. Also, if Zo is higher than Z1, indicating high impedance grounding, the condition of
full displacement of the voltage triangle is approached.



DIRECTIONAL SENSING FOR PHASE FAULTS

Considering the different fault types and the fact that the angle between the voltage and the current
for a fault can vary over a wide range, the problem of directional sensing becomes one of selecting a
particular reference voltage to be associated with a particular current. In a directional overcurrent
relay, this voltage is referred to as the polarizing voltage. The primary characteristic of the polarizing
quantity is that its phase relation will be reasonably constant with respect to the non-faulted system
conditions and to the measured current in the protected circuit. For relays intended to provide phase
fault protection, one of the available system voltages from Figure 2A will need to be used as this
reference since these voltages do not significantly change their phase positions during a fault. The
available phase currents, shown in Figure 2B, however, can be expected to shift their direction (or
flow) depending upon the type of fault and which side of the sensing current transformer the fault
occurs.
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Figure 3 illustrates the phasor relationships between the operating current Iop and the polarizing
voltage VpoL for a typical directional element. At this point, it is also convenient to define the terms
commonly used with directional sensing units; "MAXIMUM TORQUE LINE", "ZERO TORQUE LINE"
and "MAXIMUM TORQUE ANGLE".

MAXIMUM TORQUE LINE - The line at which maximum torgue is exerted on the electrome-
chanical directional element by the polarizing and operating quantities. This line also defines
the maximum sensitivity of the relay.

ZERO TORQUE LINE - The boundary at which torque ceases to be exerted on the directional
element. On one side of this line, the relay will be allowed to operate, on the other side, the
relay will be prevented from operating. In solid state designs, this line also defines the thres-
holds of operation for the directional element.

The zero torque line is typically perpendicular to the maximum torque line.
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MAXIMUM TORQUE ANGLE - The angle between the polarizing current or voltage and the
position of the operating quantity for maximum torque. In Figure 3, this angle is shown as 30°.
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These terms originated with electromechanical relays and are in common use in the industry. Solid
state designers would like to change them as operating thresholds and sensitivities but because of
the established practice, these designers will just have to conform to tradition. Perhaps it is more
meaningful if these terms are related to the general expression for torque in a voltage polarized
directional current electromechanical relay. This expression is:

T= K1 IoprOLCOSG - K2

As shown in Figure 2A, a number of voltages can easily be obtained from the power system and
could be considered as a reference quantity for a directional element.




TYPICAL RELAY CONNECTIONS

Five different connections for electromechanical phase fault directional sensing have been
developed and used over the years.

Operate Polarizing Maximum torque
Connection Current Voltage occurs when:
30° Ia Vac I lags 30°
60° delta Ia-ib Vac I lags 60°
60° wye Ia -Ve I lags 60°
90° - 60° Ia Vbe I lags 60°
90° - 45° Ia Vbe I lags 45°

30° CONNECTION

The phase A relay is connected to measure the current la and is polarized by the voltage Vac. It is
called the 30° connection because maximum torque is developed by an electromechanical directional
element when the fault current lags the phase-to-neutral system voltage by 30°. This is shown in
Figure 4.

The directional current tripping zone covering this connection is defined from 60° leading to 120°
lagging the unity power factor system condition.

This type of connection will provide correct discrimination for all types of line faults unless a
transformer is included in the zone of protection. If a transformer is included within the protected
zone, there is a chance that one of the relays may misoperate for faults in the reverse direction.This
is due to the phase shift associated with the specific transformer connection.
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60° CONNECTION

There are two variations of this connection. The first utilizes the delta current Ia - Ib and the
reference voltage Vac and is referred to as the 60° delta connection for obvious reasons. The second
variation of this connection utilizes the phase current 1a and the phase-to-neutral voltage Ve and is
referred to as the 60° wye connection for similar reasons. In both of these connections the maximum
torque of the electromechanical directional element is developed when the operating quantities (Iop
and VpoL) lag the unity power factor system conditions (Ia) by 60°.

The delta connection may be used for lines with and without transformers in the protected zone. It
will provide correct directional discrimination when the difference between the impedance angle of
the protected zone and the maximum torque angle is minimal. There is a slight possibility of this type
directional element (phase A) misoperating for a reverse Phase B-to-Phase C fault. However, unless
the overcurrent element sees sufficient current to operate, tripping by the relay will not occur. This
condition should be checked before applying a directional element with this connection.
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60° CONNECTION - DELTA

The wye connection is very seldom used because of the maximum torque angle used in this
structure, there is a risk of misoperation for all fault types except three phase faults.
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90° CONNECTION

The 90° connection utilizes a polarizing voltage that lags the power system unity power factor
current by 90°. Because of this 90° relationship these connections are often referred to as
quadrature connections.

There are two common forms of this connection. Both of these connections utilize Ve to polarize the
phase A relay. The difference is in the internal phase relation between the polarizing voltage and the
operating current for the maximum torque angle.

In the 90° - 60° connection, the maximum torque angle is shifted by 30°. This results in the maximum
torque angle lagging the system phase-to-neutral voltage by 60°. This connection is recommended
for the protection of feeders having a zero sequence source behind the relay. This connection may
also be referred to as a 90° - 30° connection.
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The 907 - 45° connection is similar except the maximum torque angle lags the system phase-to-
neutral voltage by 45°. This connection is suggested for the protection of line sections including
transformers which have a zero sequence source ahead of the relay. This connection is also
necessary for lines including transformers where the relay is expected to reach through the
transformer.
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In theory, the following fault conditions could result in the misoperation of these directional elements:
a phase-to-phase-to-ground fault on a unincumbered line, a phase-to-ground fault on a line that
includes a transformer with a zero sequence source in front of the relay, and a phase-to-phase fault
on a power transformer with the relay looking into the delta winding. However, for these conditions
while the phase relationships between the current and voltage may produce a pickup of the
directional element, the magnitude of the current is probably less than the pickup setting of the
measuring element and a trip will not result.

In electromechanical relays the trip direction for the relay is determined by the direction of current
flow in the current coil of the directional unit and the direction of current through the sensing
(measuring) coil of the relay is probably not considered to be a problem. Some of these relays have
separately accessible sensing and measuring coils while others do not.

However, in solid state relays the direction of current flow into the relay must be considered because
the sensing input of the solid state relay serves both the directional element and the sensing
element.

In the above examples, one of the goals of the polarizing circuit is to match the torque angle of the
relay to the impedance of the protected line. This indicates there is a need for a directional
overcurrent relay that has an adjustable torque angle.




Both solid state and electromechanical relays are capable of this feature. The torque angle of an
electromechanical relay may be changed by adding the appropriate impedance to the directional
coils to shift the flux relationship.

In solid state relays, the maximum torque angle of the relay is adjustable and considered to be
normal to the zero torque line. In these relays, the zero torque line defines a 180° region of operation
for the directional element and therefore for the relay. In these relays, the maximum torque line is
adjustable over a range of 90°. Another optional feature is also available with solid state relays that
allows the limit of operation boundary to be reduced from 180°, thereby providing an additional
discrimination capability between operating and fault conditions.
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TYPICAL VOLTAGE TRANSFORMER CONNECTIONS
FOR PHASE DIRECTIONAL OVERCURRENT RELAYS

The Figure 9 shows wye-wye connected voltage transformers for the typical connections to the relay.
Also shown is an alternative connection for open delta transformers. Either of these connections
may be used to supply the phase-to-phase voltage the phase directional elements. The open delta
connection is acceptable but only for the phase relays. Open delta transformers are not suitable for
ground fault protection because they are not a source of zero sequence voltage.
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DIRECTIONAL SENSING FOR GROUND FAULTS

Since most line faults (80 to 90%) involve ground, we need to discuss the methods of determining
the direction of ground current flow to prevent misoperation of these devices.

Phase relays were connected and the operation of their directional elements analyzed assuming
balanced three-phase voltages and currents. For faults involving ground, these conditions cannot be
assumed.

For a single-line-to-ground fault the phase voltage of the faulted phase generally collapses, the
magnitude of the sensed current increases and the lagging angle of this current with respect to the
zero sequence voltage also increases.

There are several methods of polarizing ground overcurrent devices. These are zero sequence
voltage, zero sequence current, and negative sequence quantities. Each of these methods will be
examined in this section.

ZERO SEQUENCE VOLTAGE POLARIZATION

If it is assumed that the unfaulted phases have relatively small currents flowing and that their phase-
to-ground voltages do not collapse, then the analysis of the fault can be simplified. With these
simplifying assumptions, ground faults will be analyzed based on the following expressions.

Ib=Ic=0
so that Ia = 3lo.

In this case the torque in the directional element is the result of the interaction of the phasor
quantities 3Vo and 3lo and as long as they have the proper phase relationship the directional unit will
operate. Again, the burden of the units is related to the sensitivity of the unit in electromechanical
relays. The directional sensitivity of a solid state element is the threshold levels and the direction is
determined by the phase relationship only.

The magnitude of the zero sequence voltage can vary over a wide range. The zero sequence
voltage will be a maximum at the fault location and will decrease in magnitude as the system
grounding point is approached. The level of this voltage at the relay location is a function of the ratio
of the zero sequence impedance between the fault and the relay and the zero sequence impedance
between the relay and the system source. Figure 10 illustrates this by showing the zero sequence
voltage profile for a fault on a simplified system.
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ZERO SEQUENCE VOLTAGE PROFILE
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It should be noted that the zero sequence voltage will be a maximum if the fault is at the relay
location and will decrease as the fault is moved away from the relay. Also any change in the source
impedance will result in a change in the magnitude of the voltage at the relay. In stations having a
large, solidly grounded transformer bank, the zero sequence voltage will be minimal at the relay. The
problem will be compounded when long transmission lines are involved or the relay is set to reach
into the next line section.

In Figure 11, the phase relations are clearly shown for a phase-A-to-ground fault. Note that the
polarizing voltage is actually -3Vo.

Va
A N Top %
\ f
\ -3Vo y
AN
7 MAXIMUM
TORQUE
LINE
A
& v
Ve b
v
b

3Vp= 0 N Z_ zepo

o \ TORQU

c N LINE

FIGURE 11A
BALANCED CONDITIONS
FIGURE 11B
FAULT CONDITIONS

For an electromechanical ground directional element with a 60° torque angle, as shown in Figure 11,
the connections show that -3Vo needs to be connected to the relay to provide proper polarization.
This is pointed out to illustrate the importance of the phase relationships which must be maintained
in order to achieve proper directional sensitivity and the importance of the phasor diagrams in
making the required relay connections.

The most common technigue to obtain the zero sequence voltage is a broken delta winding on the
secondary of the voltage transformers. This may either be a second secondary winding connected in
broken delta or a set of auxiliary voltage transformers. Both of these connections are shown in
Figure 12. The voltage across the broken delta will be equal or proportional to 3Vo.
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The polarizing voltage at the relay location should be checked to determine both the maximum and

minimum values for faults within the desired zone of protection to insure that the levels available are
within the requirements of the relay for adequate polarizing.

ZERO SEQUENCE CURRENT POLARIZATION

The most common type of ground directional relay polarizing reference is zero sequence current.
This is probably due to the relative ease it can be obtained in the station. There are a number of
sources available, but care must be taken to insure that the integrity of the phase relation between
the zero sequence line currents and the zero sequence polarizing current source are maintained for
all fault conditions.

The most often used source for zero sequence polarizing current is the neutral of a power
transformer bank. There are, however, a number of transformer connections that are not
suitable for this purpose.

There are also some potential problems with these sources for current polarizing. These will be
identified and discussed in the following paragraphs.

Two Winding Transformers

A grounded wye-delta transformer, as illustrated in Figure 13, will provide a suitable source for
current polarizing directional ground relays for faults on the wye side of the bank. For system faults
on the wye side, the zero sequence current will always flow up the neutral. Faults on the delta side
of this bank will not produce zero sequence current in the neutral.
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GROUNDED WYE - DELTA TRANSFORMER BANK

A grounded wye-ungrounded wye bank will not normally provide a suitable current polarizing source.
This type of bank is not a source of and will not pass zero sequence current. If however, the bank is
of core type construction, a phantom tertiary winding may be present that will make the neutral a
suitable polarizing source.

A grounded wye-grounded wye transformer is not a suitable zero sequence current source to
polarize directional ground relays for the following reasons:

1. For a ground fault on one side of the transformer, the current will flow up the neutral of the
winding experiencing the fault and down the other winding. This results in a current reversal and
a ground relay connected to a neutral current transformer will be unable to correctly determine
the direction of the fault.

2. If two neutral current transformers, one in each of the neutral, were paralleled and their ratios
were selected to be inversely proportional to the turns ratio of the bank, the result would be zero
current for the polarizing circuit.

If, however, the bank is of core type construction, a phantom tertiary winding may be present that will
make the neutral a suitable polarizing source. This would make the transformer similar to the three
winding transformer shown in Figure 14.

Three Winding Transformers

For three winding banks having a single grounded neutral, a single CT in the neutral will provide a
source for 3lo for polarizing. In each of these connections, a fault on the wye side of the bank will
result in zero sequence current always flowing up the power transformer neutral. System faults on
the delta side or the ungrounded side of these transformers will not produce zero sequence current
in the neutral of the wye winding. The zero sequence current flow will be as shown in Figure 13.
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In the case of the grounded wye - wye (ungrounded) - delta transformer shown in Figure 14, system
faults on the grounded wye side of the transformer will produce zero sequence current to flow up the
neutral. However, system faults on either the delta or ungrounded wye sides will not cause zero
sequence current to flow in the neutral lead.
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With care the following transformers connections can potentially provide zero sequence current for
polarizing.

A grounded wye - grounded wye - delta power transformer will provide a suitable source for
polarizing even though the currents in each of the neutrals will reverse for system faults on one of
the grounded sides. That is to say that for a system fault on the low side of the transformer, the
neutral current for the low voltage winding is flowing up the neutral and the current for the high
voltage winding is flowing down the neutral. And for system faults on the high side of the trans-
former, the neutral current for the high voltage is flowing up and the neutral current for the low
voltage winding is flowing down. If two current transformers are connected in parallel - one in each of
the neutral leads as shown in Figure 15 - and the current transformer ratios (CTR) are selected to be
inversely related to the turns ratio on the windings involved, (CTRH/CTRM) = (VM/VH) then a suitable
polarizing source will result. As an example, for a 345 KV to 115 KV bank, if the neutral current
transformer on the 345 KV side were 500/5A, the neutral current transformer for the 115KV winding
would need to be 1500/5A.
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It may be that both currents in these neutrals are not available for measurement. In this case the
tertiary current may be available for polarizing. If the tertiary is unloaded, a single current transformer
within the delta will provide the polarizing source. If the tertiary is loaded, three paralleled current
transformers within the individual phases of the tertiary, as illustrated in Figure 16, will provide the
polarizing source. The only problem may be the availability of these current transformers.
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TERTIARY CURRENT TRANSFORMER CONNECTIONS

Autotransformers

For a grounded wye autotransformer with a delta tertiary, it would appear that the neutral would be
satisfactory for polarizing. In fact, the neutral current may not flow in the same direction for all
system faults on either side of the transformer. For low side faults, it can be shown that the neutral
current will always flow up the neutral. However, depending on the high to low side turns ratio, the
equivalent impedances of the transformer, and the zero sequence impedance of the low side
system, the neutral current could be zero, or flow up or down the neutral when the system fault is on
the high side of the transformer. If it can be shown that the neutral current will always flow up the
neutral for all high side faults, then a current transformer in the neutral may be used for directional
ground relay polarizing.

To illustrate for zero sequence conditions, consider the zero sequence diagram, Figure 17, for faults
on the high side of the transformer. For the sign conventions shown:

IN o< {[ZTo /(ZSo + ZLo + ZT0)] - (VU/VH)} THo (1)

where,
Vi = low side nameplate voliage
VH = high side nameplate voltage
IN = actual neutral current
Z1o = transformer tertiary equivalent zero sequence impedance
Zio = transformer low side equivalent zero sequence impedance
Zso = low side system source zero sequence impedance
ZHo = transformer high side system source zero sequence impedance
IHo = high side zero sequence current

All of the zero sequence guantities are in per unit and on a common MVA base.

Examination of the above expression (1) will show the following and remembering that Zio is a
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negative value:

1. The neutral current will be zero if
{[Z70 /(ZS0 + ZLo + ZT0)] - (VL/VH)} is zero.

2. The neutral current will flow down the neutral if
{[Z70 /(Zso + ZLo + ZT0)] - (VL/VH)} is positive.

3. The neutral current will flow up the neutral if
{[Z70 /(Z30 + ZLo + ZT0)] - (VL/VH)} is negative.

For neutral current to always flow up the neutral the following must be true:
[£To [{ZSo + ZLo + ZTo)] < (VU/VH)

for all system conditions. It must also be noted that the low side source impedance will vary for
different system operating conditions and as the system grows. For this reason, it is not
recommended that a current transformer in the neutral of an autotransformer be used as a polarizing
source.

The tertiary of the autotransformer is also a candidate 1o be a source of zero sequence polarizing.
However, from the above discussion it can be seen that the tertiary current may have reversal
problems as well. We, therefore, need to examine the total branch impedance (Zso + ZLo). If this
value is always positive or negative for all system conditions, the tertiary current will always flow in
one direction and the tertiary will be a suitable source for zero sequence polarizing current. (Itis
assumed that the necessary current transformers are available or can be added to the tertiary at a
reasonable cost.)

If this value (Zso + ZLo) is zero or changes signs for various operation conditions, the tertiary of the
autotransformer in not suitable as a zero sequence polarizing source.




DUAL POLARIZATION

Many electromechanical and solid state ground relays have been designed so that either zero
sequence current alone or zero sequence voltage alone, or a combination of both may be used to
polarize the relay. In addition to the obvious advantage of only having to stock, or purchase, a single
device instead of two, the dual polarizing capability provides the advantage of being polarized for
most operating and fault conditions. Most of these relays will operate when only one of the two
polarizing quantities is connected. The sensitivity of the polarizing element is directly proportional to
the level of the polarizing quantity. With dual polarization, maximum directional sensitivity will be
achieved because in general terms, the zero sequence current will be high when the zero sequence
voltage is low and the zero sequence voltage will be high when the zero sequence current is low.

NEGATIVE SEQUENCE POLARIZATION

In the above autotransformer example, a possible solution is to consider the use of negative
sequence polarizing when the following expression is true:

[Z70 /(ZSo + ZLo + ZTo)] 3 (VL/ VH)

The negative sequence quantities V2 and I2 are always in the proper polarity since they are not
involved in the division of Io current caused by the values of Z1 and (Zso + ZLo).

A negative sequence polarized ground overcurrent relay is also a possibility for ground fault protec-
tion of lines that share a common right-of-way. This is due to the effect of mutual coupling between
the lines and the resulting induced ground current on the unfaulted line. The positive and negative
sequence mutual impedances are typically less than 10 percent of the self-impedances of the lines
and are therefore considered to be insignificant. However, the zero sequence mutual impedance
may be on the order of 50 to 70 percent of the self-impedance and therefore must be considered of
significance. The reslting zero sequence current in the unfaulted line can cause incorrect tripping of
the unfaulted line due to an incorrect operation of a zero sequence polarized directional element.

In a negative sequence directional ground relay, the zero sequence 3lo is still used for the fault measuring
element. The negative sequence quantities V2 and I2 are used for the directional element (Figure 18).
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Figure 19 illustrates the voltage profiles for both the negative sequence and zero sequence voltage.
Since the zero sequence impedance for a remote line fault can be large compared to the transformer im-
pedance, the 3Vo magnitude can be relatively low at the relay. As negative sequence flows through the
transformer to the source, the magnitude of the negative sequence voltage, V2, can be larger than 3Vo.
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FIGURE 19
SEQUENCE VOLTAGE PROFILE

Negative sequence polarizing has several advantages over other types of polarizing.

1. Only two potential transformers are required instead of three that are required to obtain Vo.

2. On solidly-grounded systems the magnitude of the negative sequence voltage at the relay may be
larger than the zero sequence voltage and result in more positive operation of the directional element.

3. Negative sequence directional elements are not affected by polarization reversals, switching isolation,
or mutual coupling from parallel transmission lines or lines sharing the same right-of-way.

Negative sequence polarizing may be preferred because:

— No auxiliary voltage transformers are required to obtain Vo.

— CTs are not required in the tertiary of the power transformer.

— The zero sequence current is not required to be wired in series between all ground relays (primary
and backup) within the substation.

— The directional unit can be verified using balanced load current flow simply by interchanging two
phase currents and voltages.
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CONCLUSION

The quadrature or 90° connection is the most widely used method of polarizing phase directional
relays because of the availability of the required voltage.

Zero sequence current polarizing is the most popular form of ground directional polarizing. The basic
requirement for this polarizing source is that the station transformer requires a delta winding for the
zero sequence current to circulate within. It is necessary to check the circuit to verify that the
polarizing current does not change its direction.

Voltage polarization of ground directional relays may be used in those cases where current
polarization is either not available or the potential source is not suitable due to sensitivity or current
reversal problems.

Dual polarization of ground directional relays provides the best of both worlds because it allows the
engineer the opportunity to polarize from either of two sources, thereby improving reliability.

Negative sequence polarizing can solve some of the problems that cannot be adequately covered

with zero sequence polarizing, such as mutual coupling between lines and reversals of the zero
sequence current.
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