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Abstract

Stability and sensitivity of differential protection (87) have been a topic of continuing interest for
protection and control (P&C) engineers over the years. The misoperation of 87 function due to CT
saturation, incorrect vector matching, incorrect current ratio and zero sequence current compensation
are the usual challenges in a differential scheme. In differential protection schemes, such as transformer
differential (87T) and low impedance bus differential (87B), loss of one of the contributing CTs may result
in misoperation, especially under system normal condition or out-of-zone fault conditions.

Several mitigation techniques have been developed over the years to improve the stability of differential
protection without compromising the sensitivity of protection to clear a fault within the protected zone.
These mitigation techniques are equally valid in a digital substation. However, there is a new element to
be considered to ensure the stability of 87 function in a digital substation. In the digital substation
architecture, the analog current measurements from the current transformers (CT) are digitized using the
substation merging units (SMU). The sampled values (SV) from the SMU are fed to the 87-protection
algorithm for monitoring and protecting the equipment within the zone of protection. Furthermore, the
SV streams are time synchronized to a precision clock with microsecond accuracy per IEEE 1588 PTP
standard. One of the major benefits of IEC 61850 standards based digital substation design is the ability
to continuously monitor the health and availability of the SMU, protection functions and the redundant
communication network. Any component failure is immediately detected, and alarms are generated to
proactively notify the operator.

How should the 87-function behave in the event of bad quality of an SV data stream or in the event of a
loss of time synchronization should be a matter of careful consideration during P&C scheme design. In a
digital substation differential protection scheme, the loss of any contributing MU causes the same
outcome as losing a contributing CT. Therefore, adequate mitigation and back up protection scheme
need to be included in the P&C design. This paper discusses the strategies implemented in a real world
345kV/34.5kV digital substation P&C scheme design to provide adequate protection to the power
transformer and the substation busbar.



l. Introduction

In traditional protection schemes including Transformer Differential (87T) and Low Impedance Bus
Differential (87B) have been well developed as well as many available techniques on the detection and
mitigation methods to cope with CT failure conditions contributing to differential schemes. Similarly in
digital substation implementation where Merging Units (MU) are utilized as analog-to-digital converters
located adjacent to primary apparatus in outdoor substation yard such as circuit breakers, power
transformers, CTs, and PTs, etc., careful analysis for MU failure conditions must be addressed in order to
prevent protective relays to misoperate when MU failure occurs.

The scope of this paper is to describe the components of digital substation, MU failure detection, and
proactive mitigation methods implemented in a real life project.

1. Evolution of Digital Substation
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Figure 1: The Evolution of Digital Substation

Since its publication in 2004, the global standard IEC 61850 has been gradually accepted at a slower
pace in North America. Regardless there are projects adapting the standard have been successfully



implemented and commissioned recently. One of the main objectives of IEC61850 based digital
substation transformation is replacing copper conductors between outdoor switchyard and control
house with fiber optic cables. To accomplish this objective, Merging Units (MU) are utilized to convert
analog signals to Sampled Values (SV) and binary signals to GOOSE messages for Centralized Protection
and Control units (CPC) inside the control house.

L. Traditional P&C with Copper Wires

The one line in figure 2 is a typical collector substation. The 345kV line is protected by the line
differential function 87L1P and 87L1S which are the main and back-up protection functions. 87T1P is the
overall differential protection scheme. 87T1S is the back-up protection for the transformer T1. 87B1 is
the 34.5kV bus differential protection scheme. Each 34.5kV feeder is protected by its respective 50F
relay.
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Figure 2: Conventional Protection Diagram
Iv. Digital P&C Design with Local Process Interface Units

The digital P&C design is as shown in figures 3 and 4. The protection of the entire substation is
performed by a centralized protection and control (CPC) relay. CPC1 and CPC2 are the main and
redundant relays configured to operate in a hot-hot mode. Each CPC is configured to perform the line
protection, transformer differential protection, bus bar differential protection and the protection of the
34.5kV feeders.

The merging unit (MU) wired to each CT/PT convert the analog signals to IEC 61850 sampled values for
its respective protection. The merging units designated by a suffix 1 (for example MU1 — 52T1) feeds the
sampled values to CPC1 via the parallel redundancy protocol (PRP) network. Similarly merging units
designated by suffix 2 (for example MU2 — 52T1) feeds the sampled values to CPC2 via the parallel
redundancy protocol (PRP) network.
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Figure 3: Digital Substation Protection Diagram
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Figure 4: Protection Network Topology at Digital Substation
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The merging unit assignment and the corresponding protection functions are listed in Table 1.

Contribution
Protection Type Protection ID . ) Target
Merging Unit

345kV Line Protection, 21-P/N, 50/51/67-P/N,

MU1-L1 TC1/52T1
Primary 59G /
345kV Line Protecti 21-P/N, 50/51/67-P/N
ine Frotection, /N, 50/51/67-PIN, 115 14 TC2/52T1
Secondary 59G, 79
. TC1/52T1, TC1/52-F11,
T1 Transformer, Primary 87T, REF MU1-52T1
TC1/52-F12, TC1/52- F13
TC2/52T1, TC2/52-F11
T1 Transformer, Secondary 87T, REF MU2-52T1 / TC2/ ’
TC2/52-F12, TC2/52- F13
35B1 Distribute Bus 878, 50BF (52-F11, 52- MU2-T1, MU1-F11, TC1/52T1, TC1/52-F11,
Differential F12, & 52-F13) MU1-F12, MU1-F13 TC1/52-F12, TC1/52- F13
F11 Distribute Feeder 50/51/67-P/N, 50BF MU1-F11 TC1/52-F11
F12 Distribute Feeder 50/51/67-P/N, 50BF MU1-F12 TC1/52F12
F13 Distribute Feeder 50/51/67-P/N, 50BF MU1-F13 TC2/F2F13

Table 1: Merging Unit Assighment in Digital Protection

V. Merging Unit Failure Mitigation Methods

A) Tripping of the associated circuit breaker

This mitigation method is only applicable in case of failure of one of the Merging units associated to
a feeder breaker. In this case, by tripping the breaker, the feeder is taken out of the differential
evaluation, avoiding the creation of a false differential current.

B) Blocking of the protection element

To handle situations where SMV is not available, its quality is not good or there is an issue with time
synchronization, the WARNING and ALARM outputs of SMV measurement function blocks must be
connected to the application, for example to block a protection function as shown in Figure 5.

The SMV receiver activates the TXTR WARNING and ALARM outputs if any of the quality bits, except
for the derived bit, is activated. When the receiver is in the test mode, it accepts SMV frames with a
test bit without activating the TXxTR WARNING and ALARM outputs.



The TXTR WARNING in the receiver is activated if the synchronization accuracy of the sender or the
eceiver is worse than 4 ps. The output is held on for 10 seconds after the synchronization accuracy
returns within limits.

The TXTR ALARM in the receiver is activated if the synchronization accuracy of the sender or the
receiver is unknown, the difference between the received samples time stamp and the protection
relay's time is more than 8 ms, the SMV frame is delayed more than SMV Max Delay or two or more
consecutive SMV frames are lost. The output is held on for 10 seconds after the synchronization
accuracy returns within limits.

The quality of received SMV is available as outputs in TXTR function blocks and is not propagated
directly to protection function blocks along with the SMV measurement values.
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Figure 5: Blocking of Protection function

C) SMV current switching method

The Substation design is done in a way that the Merging units for CPC system 1 are independent of the
Merging units of the CPC system 2. This guarantee that even in the event of failure of any of the CPC
systems, the integrity of the protection system is not affected.

However, in case of failure of a merging unit associated with either 87T of 87B, since both systems are
measuring the same current, one of the mitigation scenarios is have both CPC systems subscribed to all
the Merging units, and, in case of failure, perform a current switching.

The current switch function CMSWI performs the switching function between current groups, and it will
be triggered by the failure of the merging unit, as shown in Figure 6.
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Figure 6: SMV current switching logic

Summary

This section summarizes merging unit failure scenarios used in the differential protection schemes. In
the event of a certain MU failure, the action taken for a specific type of fault is listed against each fault.

MU1-T1 failure

Option Scenario 87T1P 87T1S
Do Nothing Normal operation Normal (no trip) Mis-operation, trips 345kV
and 35kV CBs with I-diff
setting below 0.5PU
Transformer Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
87T 87T
35kV Bus Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
87T 87B
35kV Feeder Fault Trips the associated 35kV CB Trips the associated 35kV CB
with directional O/C by 50/51- | with directional O/C by
F1X 50/51-F1X
Block 87T1S Normal operation Normal (no trip) No trip, 87T1S blocked
Function

Transformer Fault Trips 345kV and 35kV CBs by

87T

No trip, 87T1S blocked

35kV Bus Fault Trips 345kV and 35kV CBs by

87T

Trips 345kV and 35kV CBs by
87B




35kV Feeder Fault

Trips the associated 35kV CB
with directional O/C by 50/51-
F1X

Trips the associated 35kV CB
with directional O/C by
50/51-F1X

MU1-F1X failure

Option Scenario 87T1P/87B1 87T1S
Do Nothing Normal operation Mis-operation by 87T1, trips Normal (no trip) since MU1-
345kV and 35kV CBs with |-diff | T1 is normal
setting below 0.5PU
Transformer Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
87T 87T
35kV Bus Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
87B 87B
Feeder Fault (where | Trips the associated CB by Trips the associated CB by
its Merging Unit fails) | 50/67 50/67
Block 87T1P Normal operation No trip, 87T1P blocked No trip, 87B1 blocked
and 87B1
Transformer Fault Trips 345kV CB with O/C Trips 345kV and 35kV CBs by
coordination (time delay) 87T
35kV Bus Fault Trips 345kV and 35kV CBs by Trips 345kV CB with O/C
87T coordination (time delay)
Feeder Fault (where | Trips the associated CB by Trips the associated CB by
its Merging Unit fails) | 50/67 50/67
Normal operation No trip Normal (no trip) since MU1-
T1 is normal
Switch to Transformer Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
Group 2 with 877 877
de-sensitized '35,y Bys Fault Trips 345KV and 35KV CBs by | Trips 345kV CB with O/C
87T setting 87T coordination (time delay)
Feeder Fault (where | Trips the associated CB by Trips the associated CB by
its Merging Unit fails) | 50/67 50/67
Normal operation Normal (no trip) Normal (no trip)




Transformer Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
87T 87T
Open the - -
A 35kV Bus Fault Trips 345kV and 35kV CBs by Trips 345kV and 35kV CBs by
impacted 35kV
87T 87B
\VCB
Feeder Fault (where n/a n/a
its Merging Unit fails)
VII. Conclusion

Based on a project implementation and considering the criticality of the assets to be protected,
mitigation methods, from least preferred to most preferred, are listed below:

“Do Nothing” option is not recommended and not considered for protection implementation.

“Switch to Protection Group 2 with Desensitized 87T1P Pickup setting” option can be considered in
systems with single redundancy system lacking redundant merging units and/or protective relays. It is
not recommended either.

“Open the circuit breaker under with impact of MU failure” option is recommended but less preferred
than blocking the differential protection of the affected CPC system, because unnecessarily open a
healthy feeder.

“Block the Associated Differential Function” is the current implementation in an active project. Primary
and secondary differential protection systems are covering up each other for MU failures. Note that
under 35kV feeder fault, the 345kV GCB will eventually trip as a backup protection with time delay —
which meets expectation of protection coordination. However, by probability the failure should have
been recognized with dispatcher corrective action prior to waiting for feeder fault to happen.

“SMV current switching” is the preferred mitigation method as it allows both CPC systems running, even
in case of a Merging unit failure.
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