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Introduction

Distance relays have been successfully used for many years as the most common type of
protection of transmission lines. The development of electromechanical and solid state relays
with mho characteristics can be considered as an important factor in the wide spread acceptance
of this type of protection at different voltage levels all over the world.

Zone 3 is the backup protection for all the lines and transformers connected to the remote end
bus. It has an important role in ensuring that any failure in the protection system at a specific
location is not going to result in a prolonged fault condition and the significant losses due to
damage in the primary substation equipment.

The behavior of distance relays during several recent major disturbances in North America and
Europe is considered as one of the contributing factors that resulted in blackouts. This, combined
with the significant pressure on utilities to increase the loading of their transmission systems are
the reasons to look at dynamic loading of transmission lines and the effects that it has on the
commonly used distance relays and especially on Zone 3.

The implementation of distance relays requires understanding of their operating principles, as
well as the factors that affect the performance of the device under different abnormal conditions.
The setting of distance relays should ensure that the relay is not going to operate when not
required and will operate when necessary.

The characteristics of Zone 3 in conventional and modern distance relays are analyzed in order to
demonstrate that they can provide better protection and at the same time are not affected by
dynamic loading conditions. Mho, Offset Mho, Quadrilateral, Polygon, Load Blinders are all
described from the perspective of their coverage of remote faults and fault resistance and the
encroachment of the load impedance.

Remote Backup Protection Settings and Coordination

Short circuit faults and other abnormal power system conditions are very rare, but may result in
heavy losses if not detected and cleared as designed. The need for high levels of dependability
often leads to the use of primary and backup relays, in most cases with different operating
principles and from different manufacturers.

Protective relays are designed to be extremely reliable, but still may fail as a result of component
failure, operating principle, measuring transformer failure, or any other real-world failure. No-
one can claim to have a 100% perfect device that will never fail (example — the “unsinkable”
Titanic).



Backup protection is required to provide fault clearance by local or remote relays. Local backup
relays can be primary (if they protect the same substation equipment or transmission/distribution
line), or secondary (located in the same substation). Remote backup relays are located in other
substations.

Power system protection requires a very reliable power supply in order to ensure the availability
of protective relays when a fault occurs. To achieve this reliability, utilities pay a lot of attention
to the design, commissioning and maintenance of the DC system in the substations. In very
critical substations, utilities may install two battery systems and apply breakers with two trip
coils to separate the primary and backup protection systems completely.

Remote backup protection is intended to provide fault clearing in the case of complete failure of
the primary and backup protection in the substation affected by the fault. Such a failure can be
related to loss of DC power that will eliminate the ability of protective relays to operate or to trip
the circuit breaker. The same can be true if the substation has only one breaker trip coil battery,
whereby the protection relay may be correctly issuing it’s trip, but the trip supply is not present
to energize the trip coils.

Remote backup protection is supposed to operate in instances of this type failure for faults on the
transmission lines, buses, transformers or other substation equipment. Zone 3 distance elements
or time delayed overcurrent relays are set to see such faults. Sensitivity limitations and other
problems often prevent this remote backup from working properly. However, such remote
backup is an important last chance to remove an uncleared fault, completely unaffected by
whatever permutation of common-mode failures may have happened within the substation where
breaker opening would have been expected.

Power system protection application and coordination is an extremely complex process that,
depending on the system configuration, often is more of a science than an art. The challenge is to
deal with a complex electrical system in which there are numerous combinations of operating,
maintenance and fault conditions that make it practically impossible to ensure appropriate
coordination for all possible conditions.

Modern microprocessor based relays have multiple setting groups that allow different modes of
adaptive protection based on monitoring of breaker status in the substation or remote control
signals from SCADA. This capability results in significant improvement in the relay
coordination. However, there are other factors that create problems for the coordination or the
backup protection functions of distance and overcurrent relays. They are usually related to the
maximum load conditions and the infeed fault current in the remote substation. These are two
conflicting requirements that have to be very carefully considered during the settings calculation
process.

The encroachment of the load impedance into the distance characteristic becomes the limiting
factor for the reach settings of a mho distance characteristic. At the same time the zone has to be
set to reach faults at the low side of the transformer at the remote end of the substation, in order
to ensure transformer protection in the case of loss of DC at the same time when a fault occurs.

The probability for such an event is very small; however, it may have very destructive
consequences.



The presence of a fault for a long time may not only lead to the complete loss of very expensive
substation equipment, such as a power transformer, but it also presents a significant power
quality problem by causing low voltage that may affect a large area of the power system. Figure
1 shows the power system configuration of a real power system. A phase-to-phase fault is
applied at the low side of a 34.5/12.5 kV transformer in Riverside substation. Remote backup
for phase-to- phase faults is provided by distance relays at each substation connected to the
substation with the fault.

Improvement of the settings and coordination of remote backup relays is one of the ways to
avoid the potential problem of remote relays not operating under such system conditions. In
some cases, utilities try to set the relays based on normal or “N-1" (one line or transformer out-
of-service) conditions.

Figure 1 shows the configuration of an actual power system. A phase-to-phase fault is applied at
the low side of a 34.5/ 12.5kV transformer in the Riverside Substation. Remote backup for
phase-to-phase faults is provided by distance relays at each substation connected to Riverside
Substation.
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Figure 1 34.5kV network configuration with ph-ph fault at Riverside 12.5 kV bus



Figure 2 shows the characteristic of the phase distance relay in the impedance plane. The relay
operation (apparent impedance seen by the distance relay) is displayed for the same fault with
three different power system configurations:

. All lines in service
o N-1 (one line at Riverside out-of-service)
o N-2 (two lines at Riverside out-of-service)

As expected, the apparent impedance measured by the relay in Hillside for the fault with all lines
in service is much larger than the impedance with two or even one line out of service.

It is obvious that the Zone 3 (mho) characteristic reach has to be increased in order for the relay
at Hillside to see the fault. However, the characteristic selected for the case with all lines in
service will be too large and may result in relay operation for heavy load conditions or loss of
coordination
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Fig. 2 Phase distance characteristic and apparent impedance for phase-phase fault

If the reach of Zone 3 is restricted by the load conditions, the relay settings can not be set to



provide the remote backup protection for the fault case under consideration. The problem with
overreach and miscoordination under N-1 and N2 conditions should be resolved by applying
adaptive settings for Zone 2 and Zone 3. These settings can be put in service by signals from
SCADA based on load conditions. However, this adaptive approach cannot be done with
electromechanical relays that still make up a large percentage of applications.

The problems with load encroachment due to steady state or dynamic loading of the transmission
lines are another important issue that is conflicting with the remote backup requirements and is
discussed in the following sections of the paper.

Dynamic Loading and Distance Protection Requirements

The requirements for increase of the loading of many transmission lines due to changing system
or market conditions have to be considered when analyzing the performance of distance relays,
selecting protection devices with distance functions and calculating their settings.

Since the dynamic stability is a function of the loading of the line and the duration of the fault,
the operating time of the distance relay will affect the level of loading of the protected line. As
can be seen from Figure 3 [3], shorter fault clearing times allow increased power transfer.
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Fig. 3. Typical power/time relationship for various fault types

The detection of a fault and a decision to trip is made by modern distance relays in less than one
cycle. However, the operating time of the relay is not the only factor to be considered while
selecting a distance protection for a transmission line that requires dynamic loading.

The loading of transmission lines is typically limited by their rating. The thermal rating is usually
based on a conservative assumption of weather conditions. Since weather conditions are
continuously changing, most of the time the actual rating of the line can be significantly
increased, especially if specialized monitoring equipment is being used. Many utilities are
experimenting with dynamic thermal line rating. Reports [5] indicate that real-time rating allows
40 to 80 percent more power transfer compared to the static rating that is usually used.

Figure 4 shows a comparison between the monitored line loading and the static, emergency and
dynamic rating [5] over a period of time.

The current interest in increase of the rating of transmission lines however lacks enough attention



to the effect on the protection system.

The distance elements of protective relays have to be selected and configured in such a way that
they will provide sufficient resistive reach to ensure correct operation when a fault is inside of
the designed zone of protection. The resistance of the arc has to be taken into consideration. It is
affected by many factors, such as the distance between the phases and the extension of the arc by
wind. The calculation of the arc resistance will never be completely accurate, but still there are
formulas that can help in estimating the required resistive coverage. For example, the protection
engineer may use the empirical formula derived by A. R. van C. Warrington [4] to calculate the
resistance of the arc:

R,=28710L /1" 1)
Where:

Ra = arc resistance (ohms)

L = length of arc (meters)

| = arc current (Amps)
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Fig. 4. Dynamic rating profile of a transmission line

Figure 5 shows the protected transmission line in the impedance plane with the area of arc
resistance that has to be covered by the protection element. Obviously, the characteristic needs to
have a shape and be wide enough to provide this coverage. At the same time the characteristic
should have a shape and be narrow enough so that the dynamically changing load impedance
does not enter inside the characteristic, that will result in undesired tripping of the protected line
at the time when it is needed the most.

The effect of load on the operation of distance relays is well known and studied — for example [1,
2]. It may lead to under or over-reaching of the distance characteristic. The apparent impedance
seen by the relays under very heavy loads may lead to relay tripping. This is especially true in



the case of long transmission lines or Zone 3 elements that have to provide backup protection for
lines outgoing from substations with significant infeed. This is quite dangerous during wide area
disturbances and may result in quick deterioration of the system and a blackout.

The analysis of recent blackouts in the Western and North-Eastern United States [6] clearly
demonstrate this problem with typical distance protection applications. Operation of distance
relays with Mho characteristics under increased load conditions resulted in tripping of
transmission lines and worsening of the overall system stability.

Utilities and regional industry coordinating bodies, such as the WSCC, are analyzing their
practices related especially to the application of Zone 3 of distance protection relays. Load
encroachment has to be considered during the selection of distance relays to be used and while
calculating the settings for each specific location.

From Figure 5 it is clear that the distance characteristics for each zone of a multifunctional
transmission line protection relay should lie between the fault + arc impedance area and the load
impedance area. The shaded part of the load impedance region corresponds to the normal and
emergency rating of the line, while the white area is the load based on the dynamic rating.
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Fig. 5. Arc and Load impedance regions in the impedance plane

The analysis so far has been simplified, as in reality all lines have two or three terminals, and if
sources are present at the remote terminals, they will infeed and contribute towards any internal
fault current. Figure 6 shows how for a fixed amount of fault arc resistance, the apparent
resistance as measured by the distance relay at the local terminal appears to magnify with
increasing distance to the fault. This is because the remote end current contribution increases
proportionally more, as the local current contribution decreases. For this reason, it is common
that the arc resistance reach of distance zones might be four times that from the van Warrington
calculation.



The gray shaded region shows the possible fault resistances measured when the load flow was
forwards prior to the fault (load export), and the solid lined region adds the possible fault area
when load import was the scenario. The angular tilt of the resistance is an issue for the zone
reactance reaches of distance relays, and is not related to line loadability. This is not addressed
further in the paper, reference [7] discusses in more detail.

The electromechanical or solid state relays with Mho characteristics have some problems with
the above mentioned areas. They usually can not cover the arc impedance for faults at the end of
the protected zone, while at the same time are subject to load encroachment, especially if the
load is dynamically changing above the static rating of the transmission line.

Figure 7 shows a typical case of the Mho characteristics of a transmission line protection relay
with three forward looking zones in the R — X plane.
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Fig. 6. Arc and Load impedance regions in the impedance plane

Zone 1 is not affected by the dynamic loading of the protected line. Zone 2 may operate in the
case of the highest level of dynamic loading, while Zone 3 will operate during dynamic or even
emergency loading conditions.

Because of the significant problems with the application of Zone 3 distance elements with Mho
characteristic, some utilities have disabled them in order to avoid potential line tripping during
emergency system conditions. In other cases the reach settings are changed to reduce the
probability for tripping under load conditions. However, this Kills the Zone 3 remote backup — so
valuable as was discussed earlier to avoid uncleared faults in the event of common-mode trip
failure scenarios.



All of the above has been taken into consideration in the design of modern microprocessor based
transmission line protection relays with distance characteristics.
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Fig. 7. Arc and Load impedance regions and distance protection zones in the impedance plane

Distance Characteristics of Transmission Line Protection Relays

Lenticular Distance Characteristics

To avoid the operation of a Zone 3 distance element with Mho characteristic one can select to
use instead a “lenticular” (lens-shaped) characteristic.

From Figure 8 it is clear that the resistive coverage of this characteristic is restricted. The aspect
ratio of the lens a/b is adjustable. By selecting the configuration parameter a/b the user can
provide the maximum fault resistance coverage and at the same time avoid the operation under
maximum load transfer conditions. However, it is clear that the resistive coverage is not
consistent along the length of the line and varies with the location of the fault. Faults at the end
of Zone 2 will probably be cleared by Zone 3 in the cases when there is arc resistance.

This tripped zone indication can be confusing to system operators and technicians, most of
whom will not be distance protection experts. There is thus the risk that the fault location might
be falsely presumed to be on a line downstream of the actual faulted line.



Fig. 8. Zone 2 element with Lenticular characteristic

Distance Characteristics with Load Blinders

If we would still like to have a Mho distance characteristic that provides sufficient arc resistance
coverage but at the same time eliminates the possibility for tripping under maximum load
condition, we can select to use a transmission line protection relay that combines a Mho element
with a load blinder.

Figure 9 shows the characteristics of a distance relay with load blinders for Zone 2 and Zone 3.
The blinder restrains the operation of the distance element for load impedance that appears to the
right of the blinder.

If the impedance seen by the relay is within the Mho characteristic and to the left of the blinder,
it is allowed to operate and trip the breaker.

The setting of the resistive reach of the load blinder should take into consideration the
requirements for maximum arc resistance coverage and at the same time elimination of the
possibility for operation of the distance element under maximum load conditions. This means
that the protection engineer needs to know what is the maximum dynamic rating of the protected
transmission line.



Fig. 9. Zone 2 and Zone 3 elements with Mho characteristics and load blinders

Blinding by means of lenticular characteristics (Fig. 8), or straight lines in the impedance plot
(Fig. 9) has been common since the 1970s. A more advanced load blinder is designed to provide
better resistive reach coverage. The blinder is basically formed from an underimpedance circle,
with radius set by the user and two blinder lines crossing through the origin of the impedance
plane. It cuts the area of the impedance characteristic that may result in an operation under
maximum dynamic load conditions.

Restrai
L - Operate == =75~ F

Restrain

Fig. 10. Advanced load blinder characteristic in modern subcycle distance relays [ref. 8]

The radius of the circle should be less than the maximum dynamic load impedance, typically an
impedance of around 1/3" the rated load impedance (dynamic rating / static rating, from Figure
4), and even as low as 1/5™ in an example from one country. The blinder angle should be set half
way between the worst case power factor angle, and the line impedance angle.

In the case of a fault on the line it is no longer necessary to avoid load. So, for that phase, the
blinder can be bypassed, allowing the full mho characteristic to measure. The resistive reach
during the fault condition is thus improved, as the blinder no longer acts as a constraint.



Phase undervoltage detectors are the chosen elements to govern switching of the blinders, with a
typical bypass threshold of 70% nominal used.

Figure 10 shows an example of such a load blinder characteristic. Again it is possible to make
use of a broader Zone 2 and Zone 3 characteristic to cater for the fault resistance magnifying
effect in Figure 6.

Quadrilateral Characteristics
This form of impedance characteristic is shown in Figure 11.

Fig. 11  Zone 2 with quadrilateral characteristic and reverse offset Zone 3 quadrilateral
characteristic

The characteristic is provided with forward reach and resistive reach settings that are
independently adjustable. It therefore provides better resistive coverage than Mho type
characteristic and is not affected by the load encroachment.

Quadrilateral impedance characteristics are highly flexible in terms of fault impedance coverage
for both phase and ground faults. For this reason, most digital and numerical distance relays now
offer this form of characteristic.

With this type of characteristic, the resistive reach settings for each zone can be set
independently of the impedance reach settings.

The resistive reach setting represents the maximum amount of additional fault resistance (in
excess of the line impedance) for which a zone will trip.

Two constraints are imposed upon the settings, as follows:



o The resistive reach must be greater than the maximum expected phase-phase or phase-
ground fault resistance (basically that of the fault arc)

o It must be less than the apparent resistance measured due to the heaviest dynamic load on
the line

Figure 11 shows the Zone 2 and Zone 3 quadrilateral characteristics of a transmission line
protection relay. Zone 2 is forward looking based on the reactive reach line, the resistive reach
blinders and a directional line.

It is clear from the figure that this characteristic provides sufficient arc resistance coverage, and
at the same time is not affected by the maximum dynamic loading of the protected line. Certain
relays [8] allow a quadrilateral to be used, and at the same time to employ the advanced load
blinder as shown in Fig. 10. In this case the performance becomes very similar to the polygon
characteristic as follows.

Polygon Characteristic
A polygon characteristic can be built from several blinders and a directional element. An
example of such characteristic is shown in Figure 12.
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Fig. 12. Polygon characteristic

This type of characteristic can provide (depending on the settings) resistive coverage similar to
the advanced load blinder described earlier.

Setting the resistive reach and the slope angle allows the definition of an optimal characteristic



positioned between the arc resistance and the load impedance areas.

Conclusions

The operation of Zone 3 of distance relays during the recent blackouts in North America and
Europe combined with the requirements for increase of power transfer over existing transmission
lines is forcing utilities to find new solutions. These will prevent undesired tripping during wide
area disturbances and increase the load on the lines based on their dynamic rating.

At the same time there is still the requirement for remote backup protection, typically provided
by Zone 3 of the distance relays.

The combination of these two groups of requirements is in the core of the question in the title of
the paper. Successful pilot projects demonstrate that it is possible to increase by more than 50
percent the loading of the lines.

On the other hand, experience with recent blackouts shows that the dynamic changes of load may
result in undesired operation of distance elements due to the load impedance entering the
distance characteristic.

The different types of distance characteristics analyzed in the paper demonstrate that by properly
selecting and setting the distance characteristics, the user can define an optimal protection
element that will provide sufficient arc resistance coverage and at the same time eliminate the
possibility for tripping under maximum dynamic load conditions. It is concluded that distance
relays should not constrain the loadability of transmission lines. The distance relay is designed
according to the power system needs — not vice versa.

Any loadability limit should be determined by the dynamic rating of the transmission line.

So in short: the answer to the question is YES. Zone 3 of distance relays plays a very important
role as a remote backup protection but needs to be applied using characteristics that allow
dynamic loading of the protected circuits. These are available in the best modern relays.
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