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Presenter
Presentation Notes
Welcome everyone, thank moderator Derrick, SEL, and Gene for helping with the paper
Today I will be presenting an interesting fault event in which CT saturation caused a dual-breaker line relay to incorrectly trip for a reverse bus fault.  The CT saturation caused the relay to see the fault in the forward direction on the line instead of in the reverse direction on the bus as it should have.
I will first present the real-world fault event and explain the sequence of operations, and then will dive deeper into how CT saturation caused the reverse bus fault to appear in the forward direction, and I will then explain a few methods to help prevent this type of scenario from happening.
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The scene
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Shown here is an overview of a fault event that occurred in part of LCRA TSC’s 138kV transmission system.  Substation Alpha in the middle is a breaker and a half configuration.  A line between breaker 1 and 2 at substation Alpha connects to substation Beta in the lower left, protected with a primary and backup relay programmed to trip on distance, directional ground overcurrent, and inverse-time overcurrent elements.  The primary relays at substation Alpha and Beta use a directional comparison blocking scheme.  

Substation Charlie in the upper left has a transmission line connecting to substation Alpha, and a transmission line that physically passes overhead substation Alpha to connect to substation Delta in the upper right.  This line is supported by structures in substation Alpha.

Notice the CT connections for the primary and backup relays are different.  The primary relay has two CT current inputs, and the CT currents are summed up internally in the relay.  The backup relay has only a single CT input, and the two CT currents are paralleled before being brought into the relay. 
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On September 8, 2018 at 11:50 AM, the line passing overhead substation Alpha connecting substations Charlie and Delta was struck by lightning, causing the failure of an insulator on one of the supporting structures in substation Alpha.  

The result of the lightning strike on the insulators supporting A phase are shown on the left in red, and the B phase insulators are shown in green.  The B phase conductor is properly supported by insulators #1, 2 and 3 in green.  

Due to the lightning strike on the A phase conductor, red insulator #3 on the left broke off and red insulator #2 was pulled forward by the tension on the conductor.  This A phase conductor sagged and made contact with the supporting structure, resulting in an A phase to ground fault.  The relays at both ends of this line correctly tripped, attempted to reclose, and then tripped to lockout due to the permanent fault.  

In the picture on the right, the conductor sagged further and made contact with substation Alpha’s C phase busbar 200ms after being de-energized from the line’s relays going to lockout.  This contact created a path to ground from the C phase busbar through the de-energized line to the supporting structure, causing a C phase to ground bus fault at substation Alpha.

Substation Alpha’s high impedance bus differential relay tripped correctly for this bus fault, but the backup line relay also tripped.  The primary line relay remained secure as expected for a reverse bus fault. 



Backup relay
currents are

questionable
ﬂ,ﬁ . fr:?



Presenter
Presentation Notes
In the backup relay’s fault event data shown here, the current and voltage waveforms can be used to determine the evolution of the fault and the relay’s operation.  

During the beginning of the fault, the C phase current is high and C phase voltage is low, indicating the fault is a close-in C phase to ground fault, and the relay correctly detects the fault in the reverse direction (32QR).  

[ENTER]

In the second portion of the fault, the B phase current increases and the B phase voltage drops to zero, indicating the fault evolved to a B-C-G fault.  At this point, the relay changes the fault direction decision from reverse to forward and initiates a trip on forward ground instantaneous overcurrent element 67G1.  

[ENTER]

Just prior to the third portion of the fault, the A phase current increases and the A phase voltage drops to zero, indicating the fault has evolved into a three-phase fault.  Note that the currents during the second and third portions of the fault do not match the fault types; the voltages had to be used in conjunction with the currents to determine the fault types.

[ENTER]

[ENTER]

The relationship between positive sequence current and voltage can be seen in the lower left.  During the beginning of the fault, the relay’s directional decision is reverse, indicated by the 32QR logical bit, and the positive sequence current and voltage relationship is that of a forward-direction fault.  

[ENTER]

However, just prior to the second portion of the fault, the relay’s directional decision changes to the forward direction, and the 32QF logical bit asserts.  As the fault evolved and the current signals no longer matched the fault type, the positive sequence current and voltage relationship changed to that of a reverse fault.  Right around this time, the ground current magnitude also rose above the 67G1 element pickup, and since this 67G1 element only operates in the forward direction, the relay’s forward direction decision causes the 67G1 element to assert in the TRIP equation and send a trip signal to the breakers.  



Primary relay < 400 A

currents ° c
—4,000

are also

questionable

4,000 67G1_PU
2,000 IG_ MAG

0

Current

kV)

Voltage

Current (A)

TRIP

67G1

Z1G

32QF e —
32QR — T S

400 420 440 460 480 500
Time (ms)



Presenter
Presentation Notes
Here is the primary relay’s event data during the evolving fault. This relay correctly remained secure for the reverse bus fault, but its currents are questionable. The A phase currents between the primary and backup relays match closely, but the B and C phase currents are quite different.  Since these relays are both protecting the same line, we expect the currents and voltages to be the same. This difference in currents is what caused the backup relay to operate and the primary relay to restrain for the reverse bus fault.  

The primary relay’s measured ground current was less than half that of the ground current measured by the backup relay, and as a result, the ground instantaneous overcurrent element 67G1 did not assert.  The Zone 1 ground distance element Z1G also did not assert. 

However, in the second portion of the fault, the primary relay changed its directional decision from the reverse to forward direction, just like the backup relay.  Neither the primary nor backup relay seems to have correctly measured the line current during the reverse bus fault.  Thankfully, we have the fault current data from the relays at the other end of the line to help determine the actual line current.
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The remote relays at substation Beta can help bring clarity to the actual line current contributed to the bus fault at substation Alpha.  The fault data shown here is from the remote line relay 16 miles from the bus fault.  

These remote relay currents are much more consistent with the currents we expected to see for each fault type as the fault evolved.  The fault began as a C-G fault, then evolved to include B phase, and finally to include A phase. 

The ground current magnitude at the remote end reduced to almost zero during the three-phase portion of the fault, unlike the relays at substation Alpha which measured significant ground current. 

Upon reviewing this remote end relay data, it became apparent that CT saturation at substation Alpha likely contributed to the unexpected line current seen by those relays.
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Measuring line current for a single breaker terminal is rather simple – a single CT directly measures the line current and provides the current data to the relay. 

Measuring line current for a dual-breaker terminal, whether it is a breaker and a half, double bus double breaker, or ring bus configuration, is a bit more complicated, as the line current is measured indirectly from the sum of the two breakers’ CT currents. 

When CTs operate properly, relays at dual-breaker terminals measure the same line current as relays at single-breaker terminals.  When CTs begin to saturate however, the line current measured at dual-breaker terminals can be very different than expected.  For simplicity in this diagram, all CTs have a 1:1 ratio.  

In this example of a reverse bus fault similar to the bus fault at substation Alpha, the line current is 5A.  Relay A’s breaker 1 CT measures 20A of fault current contributed from the local source, and breaker 2’s CT measures 25A of fault current consisting of the sum of the line current and the current provided by the local source to the left of breaker 1.  These CT currents are paralleled and summed prior to entering Relay A.  Using the polarity dot convention, the summed current seen by Relay A is 5A, which correctly matches the line current.  Relay B’s breaker 1 and breaker 2 CTs also measures 20A and 25A respectively.  Relay B in this example has two CT current inputs, and these currents are summed internally within Relay B to arrive at the same 5A line current measured by Relay A.  

But what happens when CTs do not operate properly, and CT saturation affects the relays’ current measurements?


CT saturation + weak remote terminal = trouble!
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Here are two scenarios to consider during CT saturation, and I will explain how the same CTs saturating in both examples can lead to different relay operation for a reverse bus fault. 

For a bus fault at a dual breaker terminal, the CTs nearest the bus fault are more likely to saturate than the CTs on the opposite side of the breakers, because they measure the total fault current: the local source current from the left of breaker 1 combined with the line current from the remote terminal.  In these diagrams with a bus fault on the breaker 2 side, breaker 2’s CTs are more likely to saturate than breaker 1’s CTs.  

Let’s first consider the case on the left, where there is a reverse bus fault and a strong remote terminal compared to the local terminal.  In this case the 20A fault contribution from the line is much greater than the 5A fault contribution from the local terminal.

In this example, breaker 2’s CTs have saturated, and their secondary current output is reduced to 10A instead of the expected 25A secondary fault current flowing to the bus fault. Relays A and B measure the sum of their respective CT currents: 5A flowing into the polarity dots and 10A flowing out of the polarity dots, resulting in a measured line current of 5A flowing away from the relays, which is the case for faults in the reverse direction with respect to the relays.

Although the measured line current magnitude is lower than if breaker 2’s CTs did not saturate, the relays’ directional decision for the bus fault is in the reverse direction, which is correct.  The relays will correctly restrain for the reverse bus fault, even though breaker 2’s CTs saturated.  


Now let’s consider the case on the right, where there is a reverse bus fault and a weak remote terminal compared to the local terminal.  In this case the 5A fault contribution from the line is much less than the 20A fault contribution from the local terminal.

Just like in the previous example, breaker 2’s CTs have saturated, and their secondary current output is reduced to 10A instead of the expected 25A secondary fault current flowing to the bus fault.  Relays A and B measure the sum of their respective CT currents: 20A flowing into the polarity dots and 10A flowing out of the polarity dots, resulting in a measured line current of 10A flowing toward the relays, which is considered to be in the forward direction.

Just like in the previous example, the measured line current magnitude is lower than if breaker 2’s CTs did not saturate, but because the remote terminal is weak compared to the local terminal, the secondary currents produced by breaker 1’s CTs are greater than those produced by breaker 2’s CTs.  When the relays sum these two CT currents using polarity dot convention, the resulting measured line current direction is toward the relays, which is the case for faults in the forward direction.  

The relays’ directional decision for the reverse bus fault is in the forward direction, which is incorrect.  The relays will incorrectly trip for the reverse bus fault, due to the combination of the weak remote terminal and saturation of breaker 2’s CTs.  
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So how do you determine if CT saturation is likely to be an issue at a dual-breaker terminal?

If the minimum remote line current is less than half of the maximum bus fault current, then yes.  Put another way, if the ratio of the minimum remote line current over the maximum bus fault current is less than 50%, then CT saturation may be an issue.

In this example of a breaker and a half configured substation, the maximum bus fault current is 7,000A.  The worst case scenario is that in which only one breaker is closed into the faulted bus, and in which all remote lines contribute fault current that must flow through the closed-in breaker to the bus fault.  In this scenario, the total bus fault current flows through the top right breaker’s CTs.  

In this example, the relays protecting the top right line would see 6,700A of current flowing into the polarity of the top middle breaker’s CTs, and 7,000A of current flowing out of the polarity of the top right breaker’s CTs, as long as they do not saturate.  

Unfortunately, in this example, the top right breaker’s CTs are the most likely of any CTs to saturate since they will be producing the greatest amount of secondary current.  If they saturate enough that their secondary current is less than the top middle breaker’s CTs’ secondary current, then the relays protecting the top right line may declare the fault in the forward direction, and incorrectly trip for the bus fault.  
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What can | do about it?

« Size CTs properly
» Use relay settings to add security

— Raise pickup or add delay to instantaneous 67 elements
— Set fault detectors correctly for 21 elements

« Use dual-current input relay with reverse fault security logic
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There are a few methods you can use to help prevent CT saturation from causing issues at dual breaker line terminals:

Ensure all CTs at the line terminal are of the same accuracy class and tapped at the same CT ratio, so if they do saturate, they do not saturate differently from each other
Raise the ground instantaneous overcurrent 67G pickup above the maximum reverse bus fault, or add a short 1-2 cycle delay so that asymmetrically saturated CTs have time for dc offset to decay before the 67G element asserts
Raise the distance element fault detector pickups above the maximum line current for a reverse bus fault.  The line current will be much greater than during forward faults than reverse bus faults due to the strong local source.
However, both of these solutions compromise sensitivity for security.  Another solution that does not require pickup or time delay changes that can be used for dual-current input relays is to program reverse fault security logic into the relays to block instantaneous elements from tripping during a reverse bus fault


Principle of reverse fault security logic
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Reverse fault security logic takes advantage of dual-current CT inputs by measuring the individual breaker currents and using them to detect reverse faults.  This is an advantage over single current CT input relays, as they receive an externally summed current input and cannot distinguish between the individual breaker currents.  

Reverse fault security logic detects reverse faults at dual-breaker terminals and blocks instantaneous elements from causing a trip.  Here’s how this can work with dual-current CT inputs: when a forward fault occurs at a dual-breaker terminal, current through both breakers is in the forward direction.  When a reverse fault occurs, current through one or both breakers is in the reverse direction.  Reverse fault security logic is programmed such that if either breaker’s current is in the reverse direction, the logic blocks instantaneous elements from tripping.  
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This is a diagram of the reverse fault security logic.  The output REVERSE FAULT BLOCK on the right asserts when there is a reverse fault and blocks instantaneous elements from tripping.  

The two parts of this logic are FORWARD FAULT and REVERSE FAULT shown as outputs of OR gates in the center of the diagram.  

REVERSE FAULT at the output of the OR gate on the top asserts when any of the breaker phase currents are in the reverse direction, and blocks tripping by asserting REVERSE FAULT BLOCK on the right.  

FORWARD FAULT at the output of the OR gate on the left asserts when any of the breaker phase currents are in the forward direction and is used to remove the block signal and allow the elements to trip should the fault evolve from the reverse to forward direction.  

This logic ensures that for a reverse fault in which one or both of the breaker currents is in the reverse direction, the instantaneous elements are blocked from tripping, but if the fault evolves to the forward direction, the block is removed and the elements are able to trip.
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The reverse fault security logic was programmed into a dual current input relay and used to supervise the Zone 1 ground distance element Z1G and instantaneous ground directional overcurrent element 67G1.  The reverse bus fault seen by the relay that incorrectly tripped was played back for this relay to verify the response with the reverse fault security logic.  As expected, the reverse fault security logic blocked the relay from tripping for the reverse fault, as seen in the waveform here.  The REVERSE FAULT and REVERSE FAULT BLOCK digital element is asserted from the beginning of the fault since the C phase current of BREAKER 2 is in the REVERSE direction.  Even though elements 67G1 and Z1G asserted, the reverse fault security logic blocked them from causing a trip.  The logic here would have prevented the relay from incorrectly tripping for the reverse bus fault, without sacrificing sensitivity for either element or requiring a small time delay.  It is a much simpler solution to apply at any dual breaker terminals with dual current input relays than revising setting pickups and adding time delays on a case by case basis.  
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We discussed how relays’ directional decision of line current at dual-breaker terminals can sometimes be incorrect if their CTs saturate and the remote source is weak.  This incorrect directional decision compromises the security of sensitively set instantaneous elements and can cause misoperations for reverse bus faults.  

To help prevent this problem, we can size CTs properly for the application, we can revise the instantaneous elements to add security at the expense of sensitivity, or we can use reverse fault security logic with dual-current input relays to block the instantaneous elements from causing a trip during a reverse fault, even if the CTs still saturate.


Questions?
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