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Presentation Notes
Transformers are everywhere!  J.L.Blackburn
Power transformers are one of the critical pieces of equipment on the power system, and they present unique protection concerns. They are located throughout the power system, wherever voltage changes occur. Transformer failures present significant, and potentially long lasting, operational issues. The goal in transformer protection is to LIMIT damage to a failed transformer, to allow repair versus replacement, and to avoid cascading system problems. Security is of particular concern, as reclosing is generally not allowed on transformers. Any transformer trip generally requires testing of the transformer before putting it back in service, which can take significant time.
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Power Transformer Failure Statistics 
1955 - 2002 (3,112 failures) 

 
Winding failures = 31% 
Tap changer failures = 26% 
Bushing failures = 12% 
Cooling equipment failures   =  3% 
Auxiliary equipment failures =  3% 
Core failures =  1% 
Leads failures =  1% 
Other failures = 23% 

Source: IEEE C37.91-2000 
 

Presenter
Presentation Notes
Winding and tap changers account for 74% of failures. Loose connections are included as the initiating event, as well as insulation failures. The miscellaneous category includes CT failure, external faults, overloads and damage in shipment. An undisclosed number of failures starts as incipient problems. These failures can be detected by sophisticated on-line monitoring devices (e.g. gas-in-oil analyzer) before a serious event occurs. Such devices will probably see increasing use on larger transformers, to supplement more conventional relays.



Transformer Fusing 

• Normally used at 10MVA and below 
• Reference transformer damage curves 

IEEE C37.91 
• Selected to fit below damage curve 
• Fuses must be coordinated with relays 
• Economical 

 
 

Presenter
Presentation Notes
Fuses are economical, require little maintenance and do not need an external power source to clear a fault. However, they introduce single-phasing conditions when just one or two fuses blow, which can cause overheating of 3 phase motors. Also, fuses have a somewhat limited interrupting capability and provide less sensitive protection than that of a differential or ground relay. Fuses should not be employed on resistance-grounded systems, since they must carry the maximum load current and, therefore, cannot blow for low-current ground faults. Fuses are probably the predominant choice for transformers below 10 MVA. Where a fused transformer uses a low-side circuit breaker, the breaker should be equipped with phase and ground overcurrent relays as backup of downstream devices. However, these relays will not respond to a transformer fault. 
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Presenter
Presentation Notes
This chart shows the operating characteristics of 2 typical fuses. Fuses have inverse characteristics, operating faster at higher levels of through current. The minimum melt time is the time at which the fuse element just begins to melt. The maximum clear is the time to actually clear the fault current. Coordination of fuses must take both factors into account.




Example: Large 
Industrial Load 
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Presentation Notes
Primary protection for the transformer is performed by the 87 and 87N relays. Backup protection for these elements and upsteam/downstream devices is provided by various overcurrent devices as shown in the figure.



Transformer Overcurrent Protection 
High side overcurrent will not see low side ground faults. 
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A fault external to a transformer can result in damage to that transformer. If not cleared promptly, the resulting overload on the transformer can cause severe overheating and failure. Overcurrent relays (or fuses) may be used to clear the transformer from the faulted bus or line before the transformer is damaged. On some small transformers, overcurrent relays may also protect for internal transformer faults, and on larger transformers, overcurrent relays may also be used to provide backup for differential or pressure relays. (C37.91-1985, Section 5.3)



High Side Overcurrent 
 

• Coordinate with upstream devices 
• Backup transformer differential / 

sudden pressure 
• Thermal overload 
• Set above Inrush, 2-8 X Load 

 
 
 

Presenter
Presentation Notes
Overcurrent relays on the high side of a radial transformer will protect for faults in the transformer. High Side Overcurrents must be set to coordinate with upstream relays, to clear a failed transformer before upstream devices trip. The relay must be set low enough to see through the transformer impedance in order to provide protection for low side faults. They must coordinate above low side overcurrents and other downstream relays. High side overcurrents must also be set above expected transformer inrush conditions. They can be set for thermal overload, to prevent damage from extended overload. HS overcurrent relays are effective backups to differential relays and sudden pressure devices.



Low Side Overcurrent 
 

• Coordinate with downstream devices 
(radial) 

• Bus backup scheme 
• Thermal overload 
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Presentation Notes
Low Side Overcurrents do not see transformer faults on radial connected transformers. They provide protection for downstream busses and outgoing feeders. LS overcurrents must be coordinated with the HS overcurrent (if used) and any downstream relays. The effects of in feed from bus ties etc must be considered. 
LS overcurrents can be used for thermal overload, since they see the load current through the transformer. LS overcurrents can be configured in any permissive overreaching scheme to provide fast tripping bus protection. The relay is set sensitively, to see any fault on the supplied bus. Operation of the element is blocked if any downstream relay picks up. The LS overcurrent must be delayed long enough for the blocking signal (contact logic) to be recognized.
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Operating Limits 

THROUGH-FAULT PROTECTION ON CURVE FOR 
FAULTS WHICH WILL OCCUR FREQUENTLY 

(TYPICALLY MORE THAN 5 IN A 
TRANSFORMER LIFETIME). 

THROUGH-FAULT PROTECTION ON CURVE FOR 
FAULTS WHICH WILL OCCUR INFREQUENTLY 

(TYPICALLY NOT MORE THAN 5 IN A 
TRANSFORMER LIFETIME). 

THIS CURVE MAY ALSO BE USED FOR BACKUP 
PROTECTION WHERE THE TRANSFORMER IS 
EXPOSED TO FREQUENT FAULTS NORMALLY 

CAUSED BY HIGH-SPEED RELAYING 

FOR FAULT CURRENT FROM 50% TO 100% MAXIMUM POSSIBLE: I 2t =K 

WHERE I = SYMMETRICAL FAULT CURRENT IN TIMES NORMAL BASE 
                   CURRENT (ANSI/IEEE C57.12.00-1980 
             K = CONSTANT DETERMINED AT MAXIMUM I WITH t = 2 s 
        NOTE: SAMPLE I 2 t = K CURVES HAVE BEEN PLOTTED FOR 

% OF TRANSFORMER 
IMPEDANCE 

12 10 8 7 6 5 4 

TIMES NORMAL BASE CURRENT 

T I
 M

 E
   ( S

 E
 C

 O
 N

 D
 S

 ) 

2 3 4 5 6 7 8 910 20 30 40 50 2 3 4 5 6 7 8 910 20 30 40 50 

10,000 
9000 
8000 
7000 
6000 
5000 
4000 

3000 

2000 

1000 

100 

10 

1 

900 

90 

9 

0.9 

800 

80 

8 

0.8 

700 

70 

7 

0.7 

600 

60 

6 

0.6 

500 

50 

5 

0.5 

400 

40 

4 

0.4 

300 

30 

3 

0.3 

200 

20 

2 

0.2 

0.1 

10,000 
9000 
8000 
7000 
6000 
5000 
4000 

3000 

2000 

1000 

100 

10 

1 

900 

90 

9 

0.9 

800 

80 

8 

0.8 

700 

70 

7 

0.7 

600 

60 

6 

0.6 

500 

50 

5 

0.5 

400 

40 

4 

0.4 

300 

30 

3 

0.3 

200 

20 

2 

0.2 

0.1 

Presenter
Presentation Notes
Illustration of both “frequent” and “infrequent” limits and recognizes the cumulative effect of these stresses. Feeder or line relay times should fall under the frequent curves, while the 50/51 times should fall under the infrequent curve. This is based upon the relative probability of these two classes of faults.



Transformer Monitor (51TF) 
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Presentation Notes
The Transformer Protection System makes available the new 51TF through fault monitoring capability.  External close in faults can cause extensive wear and tear on the transformer.  The 51TF function monitors the current flowing through the transformer and gives warning and control signals based on the current magnitude and time duration compared to a user defined withstand capability curve.  In Figure, M is the magnitude of the through-fault current in Multiples of Transformer Base Current Setting.  M is sensed and input to the Transformer Monitor system.




Transformer Monitor (51TF) 

Presenter
Presentation Notes
Figure shows that the user defined withstand capability curve is a combination of up to three inverse time overcurrent curves. One of the three inverse time overcurrent curves is chosen based on the through fault magnitude M. M1, M2 and M3 represent the threshold of through fault current for the three inverse time overcurrent curves.




Transformer Differential Relays 
 

• Faster 
• More sensitive 
• Eliminates single phasing problem 
• More selective 
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Presentation Notes
Transformer differential relays are normally applied to transformers in the 10-30 MVA range or larger. These relays are secure against operation for through faults and inrush currents but very sensitive and fast for internal faults. 
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Presentation Notes
Differential relays sense the unbalance in the flow of currents in various apparatus or busses. In the absence of a fault in the protected zone, this unbalance tends to be small because the current flows into the zone are cancelled by the flows leaving. Accordingly, such relays can be more sensitive than phase overcurrent relays and need not be delayed to coordinate with other relays during external faults. The simplest implementation of differential protection merely parallels the CTs on all the connections to the zone. 



External Fault 
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Presentation Notes
For a fault outside the zone of protection, the current circulates through the restraint winding only, with no current flow in the operate winding. Thus providing security for through faults.



Internal Fault 
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Presentation Notes
For a fault inside the zone of protection, the current circulates through both operate and restraint windings. When the operate current reaches a percentage of the restraint current, the relay will operate.




Percentage Differential Characteristic 
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Presenter
Presentation Notes
Operating (or “differential”) current is plotted against the maximum (or larger) restraint current. The scaling is in “multiples of tap”. The slope of the characteristic can be set from 15 to 60%. The relay becomes desensitized at the higher currents in order to remain secure in the presence of dissimilar CT performance that creates false operating current. 



Transformer Differential Limitations  

• Unequal secondary currents, because of the 
different turns ratios of the power transformer 
windings and the CTs 

• Phase shift of wye-delta banks 
• Tap changing under load 
• Magnetizing inrush 

 



Current Matching 
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Presentation Notes
The matching of unequal currents requires either auxiliary CTs or a means of scaling within the relay. The diagram shows the use of taps on the relay windings to match a 2-to-1 difference in the levels of the CT secondary currents under non-fault conditions. For this difference the 10A current flows through just half the number of turns in restraint winding R1 as does the 5A current in restraint winding R2, so that the ampere-turns of the two windings are equal. This tap position also connects to the midpoint of the operating winding, so that the net operating ampere-turns is zero. Thus, by ratio matching, the input currents are normalized and the operating current is reduced to zero.
The diagram above applies generally to electromechanical relays that have physical operate and restraint windings. With microprocessor relays, the operate current is a calculated quantity and the current only flows through the restraint windings. 



Current Matching 
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Presenter
Presentation Notes
This diagram shows the BE1-87T’s matching taps on the secondary of the relay’s input CTs. Rather than use an operating CT, this relay develops the operating signal electronically. The BE1-87T has a matching range of 2 to 8.9A in 0.1A steps. The taps are selected to be in proportion to the currents to be matched. Matching of three winding transformer applications must be done two windings at a time, rather than assuming some arbitrary current distribution among the three windings. The procedure can be streamlined by assuming identical power in all three windings. While this is a physical impossibility, it allows proper current matching for all current distributions. 
The above relay is an analog design that converts 5A current to small analog values to be used in comparator. Microprocessor designs convert the 5A currents to digital data which is used in the algorithm.
Burden of the electromechanical relay is very high when compared to analog or microprocessor. This becomes critical in applications where CT saturation is of concern.



Phase Shift Compensation 

87T 
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Presentation Notes
The phase shift developed in a wye-delta power transformer can be handled by connecting the CTs in wye on one side and in delta on the other side. The relay current input from the delta CTs is the phasor difference of two phase currents. The BE1-87T analog relay can perform this differencing electronically. This will allow the main CTs to be connected in delta or wye. With wye CTs a ground relay also can be connected. A wye connection also reduces lead burden for a phase fault. The worst case is for a 3-phase fault with delta CTs. This concept was discussed in the section on Relay Input Sources.



Phase Shift Compensation /           
Zero Sequence Trap 
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Presenter
Presentation Notes
The delta connected CTs should be on the wye side, and the wye connected CTs should be on the delta side of the transformer. The fault would create an unbalance on the wye side of the transformer, resulting in zero sequence current flow. By connecting the CTs in delta, the zero sequence current is filtered out. The secondary current on the high side will equal the current on the low side because we only see positive and negative sequence currents on both sides. Without the zero sequence trap, the zero sequence current will not be balanced by currents on the other side of the transformer causing an erroneous trip.

The delta can be connected two ways. For electromechanical relays connect the delta of the CTs the same way the delta is connected on the primary of the power transformer. Microprocessor relays can accommodate phase compensation internally but may vary from one manufacturer to the next in how it is accomplished.



Two Kinds of Delta Connections 
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Presentation Notes
A common misunderstanding in applying transformer differential relays is that there are 2 different types of delta connections within the power system.
These are generally referred to as Dac and Dab.  



Percentage Differential Characteristic 
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Presentation Notes
Operating (or “differential”) current is plotted against the maximum (or larger) restraint current. The scaling is in “multiples of tap”. The slope of the characteristic can be set from 15 to 60%. The relay becomes desensitized at the higher currents in order to remain secure in the presence of dissimilar CT performance that creates false operating current. 

Iop @ 30 degree difference = 0.518 p.u.
Iop @ 60 degree difference = 1.00 p.u.



Tap Changing Under Load 
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Presentation Notes
Current matching should occur for the condition where the load tap changer is in its neutral position. Then, the relay must accommodate the unbalance with the taps at the full boost or buck position. The percentage differential characteristic provides this accommodation. The “total mismatch” line represents the sum of the imperfect relay-tap match plus the power transformer tap contribution. The slope of this line is approximately the total % mismatch. The mismatch line is offset by the transformer exciting current, which produces its own unbalance. In the BE1-87T, available taps limit the maximum mismatch to 2.5%. The diagram also shows the BE1-87T characteristics at the two extremes of slope setting (15 and 60%), as well as the related safety margins at the critical points. The relay characteristic contains the flat section in order to maintain good sensitivity for low-current faults where the load current is non-negligible. The total current flowing is the pre-fault current plus the current produced by the fault. Accordingly, for small fault currents the load current introduces a significant restraint bias.



Magnetizing Inrush 
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Presentation Notes
Inrush is the transient exciting current resulting from a sudden change in the exciting voltage. This occurs at the instant of energization, the clearing of an external fault (recovery inrush), or during the inrush period of another transformer (sympathetic inrush). 
In the diagram above the steady-state flux at the instant of energization matches the residual flux, so no transient current flows. 




Magnetizing Inrush 
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Presentation Notes
In the figure above the steady-state flux at energization is at its negative peak. Combined with a positive remanence, this condition produces the maximum level of transient current. The inrush current is actually much larger in relation to steady-state current, ie than indicated in the above diagram.



Inrush Waveform 

DEAD SPOT 
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Presentation Notes
Diagram above shows a typical inrush waveform. Note the “dead spot”, where almost no current is flowing as the core exits the saturated region. However, this “dead spot” disappears on subsequent cycles because of CT saturation. In extreme cases the CT can saturate during the first cycle, eliminating the “dead spot”. The decay rate of successive primary-current peaks depends upon the amount of resistance in the source and the non-linear inductance of the transformer. The negative peaks are reduced further by CT saturation. The primary current peaks will not decay as fast as indicated by the CT .



Unbalanced Inrush 
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Presentation Notes
Transformer inrush is generally NOT a balanced phenomenon. One phase will carry most of the energization energy, while the others carry much smaller amounts. This can cause problems with the harmonic restraint of the relay.  Security can be ensured by summing the inrush currents and by using the combined signal for inrush detection on all phases.



Differential Setting Review 

• If the transformer connection is a delta-wye 
the angles of the two currents will not be 180 
degrees apart, and must be compensated by 
30 degrees 

• To compensate with the CT connection, 
reverse the connection; for delta-wye 
transformers connect the CT’s wye-delta 

• Digital relays can be connected wye-wye and 
set the compensation inside the relay 



Differential Setting Review 

 
 
 
 
       Ratio of taps=Ratio of currents 

Presenter
Presentation Notes
Assume a power flow through the transformer and calculate the current that will flow into the relay as a result of that power flow. If the CT is wired in delta, the current is greater by a factor of 1.73
2) Select the taps in the relay in the same proportion as the currents entering the relay. The high current goes with the high tap. 



Differential Setting Review 

• Set slope low for low mismatch and high 
quality CTs 

• Increase slope setting for tap changer 
transformers, poor quality CTs or poorly 
matched CTs 

• Use of transient monitor to detect the effect 
of CT saturation during through-fault => 
enhance security 



Differential Setting Review 
 
• Use of 2nd harmonic sharing for 2nd harmonic 

inhibit => Superior method to enhance 
security 



Overexcitation 
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Presentation Notes
Overexcitation results from excessive voltage or below-normal frequency or a combination of the two such that the volts/Hz exceed rated. The figure above shows two of the three situations where overexcitation can occur: a unit-connected generator isolated from the system or a transformer connected on the open end of a long line. In addition, an interconnected system can experience a dynamic overvoltage following a protracted fault as a result of generator ‘s field at ceiling or following load shedding.



Relay restrains over the voltage range of 
104-138% of rated excitation 
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Presentation Notes
The solid curves in the figure illustrate the variation in harmonic content with voltage changes as a percentage of the fundamental value for a balanced excitation. 



Bus/Transformer Application 
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Presentation Notes
A transformer differential relay can be applied for bus or combination bus/transformer protection. Each of the four line breakers must be routed to its own restraint winding because each line is a possible source of fault current. If the four line breakers are radial lines, it is possible to combine the four currents in parallel into one restraint winding.



Bus/Transformer Application 
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Presentation Notes
Radial feeder CTs can be paralleled as long as the continuous rating of the relay winding is not exceeded. Here four sets of source CTs are paralleled and connected to a common restraint winding R1. Such paralleling might produce a current in excess of the continuous rating of the restraint winding. 
If these lines were connected to a looped system instead of radial, incorrect operation may occur during an external fault. The faulted-circuit CT saturates severely. The secondary current on circuit 2 should be 70A, but is only 50A due to CT saturation. 



CT Error Produces Incorrect Operation 
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Presentation Notes
The CT deficiency of 20A causes the flow in restraint winding R1 and in the operating circuit. Since no current flows in R2, the relay is operating along the “single-feed line” above. This is an operating condition, even though the fault is external to the relay zone of protection.



Ground Differential 
 

87N 
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Presentation Notes
A neutral connected differential can be set more sensitively than phase differential and provide the benefits of differential protection. The differential connection is more selective, allowing the protection to only see internal faults. It can be faster and more sensitive since it does not have to coordinate with downstream devices. The 



Neutral Overcurrent 
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Transformer neutral overcurrent provides sensitive protection for the WYE windings of a resistance grounded transformer. The ground impedance can limit the phase-ground fault currents to below the sensitivity of phase differential relays. In this case, an overcurrent relay in the neutral of the transformer can provide sensitive protection. A neutral overcurrent can be set below load current, but must coordinate with downstream devices (generally with time delay). A ground differential relay can also be used, comparing the neutral current into the transformer with the residual current out. This scheme does not require a coordination delay, but must accommodate false unbalance due to unequal saturation of the transformer secondary CTs for a downstream fault.



Sudden Pressure Protection 

• Operates on rate of change in gas or oil 
pressure 

• Detects incipient low magnitude faults 
• Protects for faults differential may not see 
• Backs up differential for high magnitude 

internal faults  
• Users are split between using sudden 

pressure for trip or alarm 

Presenter
Presentation Notes
Phase differential relays may not detect a turn-to-turn fault, and ground differential relays do not respond to such faults. A neutral overcurrent relay will see fault current if an external ground source exists. However, for an impedance grounded system, most of the fault current probably will be contributed by the delta-side source. A single turn fault may produce a total less than rated current. Accordingly, sudden pressure relay (SPR) should be applied to complement the differential protection. The SPR will detect any abnormality that generates a sudden increase in pressure due to gas generation (e.g. arcing due to a loose connection). 
Because these relays have experienced a substantial number of undesired operations, many users connect them only to alarm. Their reliability has improved by installing them on stiffer sections of the tank and by blocking tripping for high current faults. During high-current external faults, winding movement generates an oil pressure wave that has a tendency to cause relay operation. In fact, there have been cases where a relay operation has been a precursor to transformer failure due to excessive winding movement. 
Most SPR are adjustable, and all relays should be tested for proper calibration according to factory procedures. Relays set too sensitive are another reason for false tripping on through faults. 



Sudden Pressure Relay Mounted in Gas Space 
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Presentation Notes
The top figure above shows an SPR that detects an increase in gas pressure, applied on gas cushioned transformers of about 5 MVA and up. The gas pressure is generated by an arc under the oil, producing decomposition of the oil into gas products. The change in pressure actuates bellows 5, closing micro-switch contact 7. Equalizer port 8, much smaller than the main port 4, prevents bellows movement for slow changes in gas pressure due to ambient temperature changes and load cycling. 



Thank You 
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