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The Hidden Economy of Cost Reduction, Deleting a Power Circuit Breaker at Pearl Substation
Increases Relay and Control Scheme Complexity

Roger Whittaker, System Protection Design group
Bonneville Power Administration

Presented Before the Western Protective Relay Conference
Spokane, Washington, October 26-28, 1999

ABSTRACT: This presentation highlights detail of the design for control and protection of the modified
230 kV main-and-transfer-bus switchyard at BPA’s Pearl Substation. What are the consequences of the
cost savings of one installed breaker? The obvious benefit is the fixed cost of one circuit breaker. The
Pearl design features only three, instead of the usual four power circuit breakers needed to serve one power
transformer bank and two transmission line terminals. This was done by elimination of a dedicated transfer
breaker. The paper first discusses fundamental principles of design of a main and transfer bus arrangement,
and then applies these principles to the design for Pearl. These principles include overlapping zones of
protection, relative positions of instrument transformers, jurisdiction of control devices for clearing fault
sources, primary and alternative service arrangements, fault clearing during make and break parallel bus
conditions, and unbalance during parallel. High voltage and control scheme switching sequences for
operators (relay cutout and transfers during bypass) and the possibility and consequence of switching errors
are discussed. This paper comments about how these principles can affect application of digital relay
features, such as multiple setting groups, internal vector manipulation, and direct relay to relay
communication. Also included is discussion about the installation and commissioning of the protection
schemes now in service and the hidden costs in the reduction of power switching equipment. The focus is
on the protection schemes as they apply to the bus configuration and equipment within the substation fence.

FUNDAMENTALS

Before looking at the Pearl design details we should review some fundamentals. One must be careful not to
overlook the behavior of the high voltage circuit when applying some of the new options of the digital
relays.

Stability

The protective relay is used to detect abnormal voltage or current conditions that accompany a fault or short
circuit. Upon detecting these, the relay sends a control signal to actuate the power circuit breaker, which
interrupts the fault and isolates the faulted equipment from the energized power system. Failure of the
power circuit breaker to interrupt the fault may be detected by a breaker failure relay. The breaker failure
relay acts to isolate the fault and the bad breaker by sending control signals to trip other adjacent power
circuit breakers on the local substation bus. When the breaker failure relay scheme does not interrupt the
local contribution to the fault, relays at the remote terminals of each line connected to the local bus may
sense the fault and trip out the lines on time delay. Time delayed clearing, and/or multiple line outage is not
a desirable event for the Pacific Northwest Power Grid where load centers are distant from generation
source. Maintaining grid continuity and fast fault clearing times (no intentional delay) are critical to
maintaining stability of power flow. Maintaining maximum power flow export (and revenue import!) from
BPA to other utilities is dependent on critical equipment such as the 1800 MV A transformer bank at Pearl
being in service, especially during heavy system loading.

Cause of Bus Faults

Reference number two presents the result of a study of 129 bus faults. Causes include switchgear
insulation failure 17% , breaker failure 15.5%, flashover 21%, isolators opened on ground or closed to earth
11.6%, safety grounds left on 11.6%. It is possible that some of these faults might occur as a direct result
of manual high voltage switching operations.



Personnel Safety and Equipment Damage

Faults can evolve from one type to another. Small faults can get bigger if given enough time. Faults
‘should be detected and cleared quickly. Relay settings should be as sensitive as possible without causing
misoperation.

Instrument Transformers; Polarity, Position, and Performance

It is important for directional relays that the relay to current transformer (CT) connection is made with
correct polarity. A distance relay compares a measured phase current waveform to opposite-phase bus
voltage vectors. The measured value at the balance point creates a voltage sequence to cause operating
torque. Differential relays also compare vectors. Current transformers are wound according to ANSI
standard. Primary current flow into polarity causes secondary current flow out of polarity. A free standing
CT may be connected either with primary polarity mark toward the bus, or with primary polarity mark
toward the line. In either case, current flow to a fault (during the positive half cycle) should cause
secondary current to flow to the relay polarity mark. It is typical that the relay polarity terminal should be
connected to the CT terminal nearest to the bus and furthest away from the protected line. This would be
either (1) the CT secondary polarity terminal for the case where the CT primary polarity mark is toward the
bus, or (2) the CT secondary non-polarity terminal for the case where the CT primary polarity mark is
toward the protected line. See figure 1. This assumes the relay to VT connection is polarity to polarity.
The Substation One Line Diagram should show these connections correctly. Often polarity marks are left
off of one-line diagrams. This is because most CTs are wound with additive polarity and it is assumed that
both polarity marks if they were shown would be on the same side of the CT. All CTs in figures 1 and 2
show additive polarity.
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Figure 1. Current Transformer Polarity

Moderm digital relays can internally modify the measured polarity of the CT signal. This is done by
creating an advanced or retarded version of the signal as it is being measured. This new version of the
signal is then presented to the relay algorithm. Relays with multiple setting groups can feature a different
presentation for each group. The effective polarity of the CT measurement is changed as the relay phase
shifts the signal by 180 degrees. Other values of phase shift are also possible.

About performance, selection of the type of protection is related to the ability of the CT to respond linearly.
Modern digital relays place a much lower burden on the CT however resistance of the leads is still
significant and a fully offset fault current waveform can be difficult for the CT to reproduce. For example,
BPA uses differentially connected overcurrent relays for bus protection. These do not have any restraint
and so good performance is necessary. One must calculate the maximum expected bus fault current and
use this along with the network source impedance (X/R) ratio to determine if the given CT rating is
adequate. If not, some other type of protection can be considered.



CT Position, Overlapping Zones of Protection and Jurisdiction of Fault Clearing

Current and voltage measurements, critical to successful relay operation must be done at the proper
network locations. Power circuit breakers are placed strategically so that any fault may be eliminated with
minimum disruption to the network. The term “zone” refers to the ability of the protective relay to sense a
fault within a given portion of the network. For a directional relay, the precise location of the current
transformer is the boundary of the relay “zone”. “Polarity”, determines the direction of relay reach.
“Jurisdiction”, is the ability of the protective relay to clear a fault after it has been detected. A fault within
the relay zone may have one or more sources of fault current into the zone. To clear the fault each source
must be removed. This can be accomplished by the relay tripping the breaker directly, or it can be done
with the help of other interposing devices. The protective relay may have only partial jurisdiction over
clearing a fault within its zone. A zone 1 relay on one end of a two terminal transmission line may sense a
fault on the line but it cannot clear the fault by itself. Other protective relays at the remote terminal must
also pick up. Reliability may be increased by adding a communication channel with a direct tripping
scheme so that both line terminal breakers are tripped when the zone 1 relay picks up. In this way the zone
1 relay now has full jurisdiction over the fault contributors to its zone. Where the entire relay zone lies
inside the substation fence, as for bus differential'relays, and where the fault contributors are only a short
distance from the protective relay, it is desirable that each protective relay would have full jurisdiction.
Lockout relays or programmable logic controllers may be used in concert with the protective relay to
provide complete jurisdiction. Where different relay zones overlap there is a tradeoff between the
requirement of full jurisdiction for faults located in both zones and the desire to minimize the outage for
faults located within only one zone or the other.

At Pearl, the current measurement location is of most interest during the switching of power circuit
breakers on the main and transfer bus. Ideally, the current transformer ( CT) and the power circuit breaker
should be located on the source side of the protected entity with the CT located on the source side of the
breaker. For line protection the line relay CT should be on the bus side of the line breaker. For bus
protection the bus relay CT should be on the line side of the line breaker. Otherwise a bus fault on the line
breaker bushing would go undetected by the bus relay. In this way the protection zones of the two relays
overlap and a fault at any random location will be detected and cleared. This is why dead tank breakers
have instrument CTs located on each phase of both bushings. Often, live tank breakers, like the transfer
breaker at Pearl, do not have bushing CT’s. For economy, only one set of separate CTs with multiple cores
and secondary outputs are installed on the high voltage bus near the breaker. At Pearl these are located on
the line side of the transfer brcakcr, away from the bus. Care must be taken during the design and
commissioning to assure that all fault contributors are eliminated for a fault at any possible bus location
within the switchyard.

One location of interest is the fault between the transfer breaker and the transfer breaker CTs. Where the
CT is located away from thc bus such as at Pearl, the bus protection relay will see the fault and pickup to
trip each breaker on the bus. This alone does not clear the fault if there is a contributor from the transfer
bus. If a line breaker is being bypasscd, line relays measuring the transfer breaker CT are cut into service
by operation of a relay sclcctor switch. If the line has transfer trip, the protection channel is reconnected to
inputs and outputs of the transfer breaker’s line relay by operation of a relay transfer switch.. If the line
relay is directional it will not pichup because the fault is “behind” the relay. After the bus relay trips the
transfer breaker (and also the other bus breakers) echo back logic ( 52b transfer trip logic) can pick up to
allow relays at the remotc hine terminal to clear high speed by permissive logic. Some distance relays use
reverse reaching elements that preck up to prevent echo back of the permissive tone. This logic scheme
would be fooled by this fault liw atiton Where there is no transfer trip scheme, relays at the remote terminal
must pickup to clear the fault by ume delay.
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Figure 2. Overlapping Zones of Protection

If a power transformer is directly connected to the transfer bus the transformer differential relay will not see

-this fault. Overcurrent relays on the opposite transformer voltage winding are set to see the fault in one
second. To speed up clearing the 230 KV bus lockout relay can cross trip the breakers that are fault
contributors on the opposite power transformer 525KV windings. This means that the 230 KV bus lockout
trips the 525KV breakers in both the normal service and also the alternative service conditions!

As will be shown later, CTs located inside the “make parallel” can present problems during high voltage
switching.

Installing the Dead Tank Breaker Backwards?

Often the design for protection of a breaker installation is done well before commissioning and without
regard to peculiarities of the breaker design. For example, access by equipment trucks to the mechanisms
and control cabinets by maintenance personnel. If the breaker is installed at 180 degrees to the original
design, not only are the relays measuring the wrong side breaker CTs but also the phase “A” relay is
presented with phase “C” current which could do strange things to its operation. Care must be taken to
reconnect the CT cables to the proper polarity of the proper CTs as shown on the substation one line
diagram and then change the breaker wiring diagram to match. Either that or design it right in the first
place! It is also important for differential relays that the proper tap from the breaker CT is chosen so that
the CT ratio matches the ratio from other differentially connected CTs.

Bus Arrangement

The ability to serve load during a high-voltage equipment outage depends on the operational flexibility of
the station. Substations are designed to have one alternative method to serve load when an outage to any
piece of high-voltage equipment occurs. The applied control scheme must provide complete control and
protection during operation using the alternative high-voltage equipment connection. It must also provide
sufficient measuring inputs and tripping outputs to detect and isolate faulted equipment. The protection
design is dependent upon the relative arrangement of power circuit breakers and disconnects in the
switchyard. Different bus arrangements provide different levels of reliability of service (and associated
cost) during equipment failure, faults, or other contingencies. At BPA three arrangements predominate, the
breaker-and-one-half-scheme, the ring bus, and the main-and-transfer arrangement. Figure 3 shows a
comparison of the cost by number of components of the different schemes. The breaker-and-one —half
has the highest reliability of service but costs more than 150% of the ring or the main-and-transfer schemes.
The latter two are comparable in cost with the ring bus having higher reliability.



BUS CONFIGURATION BREAKERS/BAY LINES/BAY BREAKERS/LINE CTI/LCNE VT/LINE SPECTAL
LOGIC

BREAKER AND ONE HALF 3 . 2 L% 2 1 2/x SWITCH
ON TO
FAULT

RING 1 1 1 2 1 SWITCH
FAULT

MAIN AND TRANSFER 1 1 1 /% 1 1/x

X = NUMBER OF LINES?

Figure 3. Bus Configuration Comparison

Each protected line (or bank) in a ring bus shares two circuit breakers with adjacent lines. If one of the
breakers is removed from service for maintenance, power transfer on the line is maintained through the
other remaining breaker. At all times the line relays measure the sum of currents from both breakers.
There is no need to mechanically switch or “transfer” relay inputs or outputs except to isolate them for
maintenance. Redundant relay sets are provided so that a malfunction may be isolated without loss of
protection. Since break of parallel of the ring is done by tripping open a breaker, the change from primary
to alternative service during events like breaker failure can be done automatically by a local relay scheme
or remotely by a SCADA operator. Both the ring bus and the breaker-and-one-half scheme lend
themselves well to automated switching. Failed breakers may be isolated by automatic operation of their
motor operated disconnects so that power to the line is quickly restored.

In the main-and-transfer-bus arrangement, each line is connected to a main bus through a dedicated
circuit breaker. If the dedicated breaker must be removed from service, the line may be alternatively
connected to the main bus through a “transfer” or “bus-tie” breaker via the “auxiliary” or “transfer” bus.
The act of making and breaking parallel with the transfer breaker using the transfer bus is called a “bypass”
of the line position breaker. The line remains energized at all times as it is transferred from one breaker to
another. Relay schemes must provide complete protection during each step of the switching sequence.
During “bypass” protective relays measuring the transfer breaker CT are switched into service. Local
operators must be present on-site to perform the transfer since there is no provision for remote control of
the RTS, RSS, SSS§, and MCO switches that are hereafter described. Operators must also be on site to
visually verify that disconnect blades have seated properly in the harp during make and break parallel.

Each breaker or disconnect has a separate control circuit. Any attempt to automate switching must consider
these two facts.

Bypassing a position

The following typical procedure is used to bypass a breaker position. The protection scheme is designed so
that the sequence of steps of cutting in and out protection devices, and of making and breaking parallel, are
done as consistently as is possible from one substation to another. Because of peculiarities of the design of
individual substations these typical steps may require slight modification to their sequence of operation.
This is why each substation has its own set of unique switch orders describing the proper sequence.
Following a standard during the design allows the switch-person to avoid confusion during switching. This
will minimize the possibility of human error, and thereby increases the substation reliability of service.



Adding abnormalities like extra switch positions to an RTS or adding more than one RSS can create
confusion.
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Figure 4. Main-and-transfer-bus Bypass Circuit

Prior to the bypass, the transfer breaker and its isolating disconnects are closed and the transfer bus is
energized. The position to be bypassed is energized through its dedicated breaker and isolating disconnects
which are each closed. The transfer bus disconnect, which is located between the transfer bus and the
position to be bypassed, is open.

Step 1. Operate the relay transfer switch (RTS) for the position being bypassed. This switch can cut in
position oriented protection to the transfer breaker. For a line this would be the protection channel. Fora
transformer this would be the bank protection and breaker failure outputs. Trips to additional fault
contributors are enabled to insure clearing if there is a fault during the make parallel.

Step 2. Prepare the transfer breaker for service to bypass a particular position by operating the relay
selector switch (RSS) and/or setting selector switch (SSS). This activates particular relays and/or settings
that measure the transfer breaker CTs.

Step 3. Trip the transfer breaker open. ( So that we are not making parallel with the disconnect in step 4.)
Step 4. Close the transfer-bus disconnect to energize the transfer bus.

Step 5. Close the transfer breaker to make parallel.

Step 6. Trip the dedicated position breaker to break parallel

Step 7. Isolate the dedicated position breaker by tripping open the adjacent disconnects.



The above sequence can be reversed to switch the position back to normal.

Making and breaking parallel should be done with a power circuit breaker whenever possible. When
breaking parallel, if for some reason parallel was not made up properly, the device might need to interrupt
the load current. The breaker is designed to provide a rapid dielectric buildup to overcome the transient
recovery voltage and interrupt the load if necessary. Also, for three-pole circuit breakers, each of the
phase interruption contacts have been verified by test to open within a short time of one another.
Disconnect switches may have significant delay between opening and or closing each phase. Delay
between each phase operation can produce current unbalance inside the parallel.

If the operator must make or break parallel using a disconnect switch, any nondirectional ground
overcurrent elements measuring CTs located inside the parallel may first be disabled. These elements may
have a history of trip outs during previous bypass events.

Unbalance inside the parallel

Relay performance inside the parallel is difficult to predict. Even when make parallel is a success there can
be unbalance inside the parallel. Measurements made during a system test at Marion Substation using a
digital breaker failure relay showed that the breaker currents can distribute unevenly between phases inside
the parallel. At Marion, a 525KV breaker-and-one-half scheme, the breaker was tripped and closed several
times making and breaking parallel. The relay event report showed that each time the breaker was closed,
the percentage of phase “A” load current through that breaker path changed. Similar results were observed
for phases “B” and “C”. Outside the parallel both source currents and line currents appeared to be balanced.
This is because for each phase the impedance of the bus is very small compared to the source impedance
and the line impedance. The parallel connection of the bus presents a voltage divider depending on the
impedance of each path. Factors like bus inductance, bus capacitance, and breaker and disconnect contact
resistance add up to form the path impedance. It is possible that this path impedance can be quite different
for each of the phases.

For example, if, for 2 main-and-transfer-bus, 20% of phase "A” line current, 50% of phase “B” line current,
and 75% of phase “C” line current take the transfer breaker path then the remaining current flows in the
dedicated breaker path. Relays measuring CTs inside either parallel path would see fictitious residual
current (3lo = IA +IB+ IC) and negative sequence (Ia2 = 1/3(Ia + a2Ib + alc) current. The phase angle of
these fictitious signals is random. Voltage measurements from the bus VT would not be affected. Phase
currents would appear to be reduced in magnitude. If a fault occurred during make parallel, both phase and
distance relay elements could under-reach. Current and impedance type polarizing elements might be
distorted? Fortunately, modern directional relays seem to be able to tolerate the presence of fictitious I0
and 12 inside the parallel. Be careful of non-directional residual over-current, negative sequence
overcurrent or current only polarized relays. See figure 5.



DEDICATED BREAKER CURRENTS

Ta
—
SOURCE CURRENTS
LDAD CURRENTS k
. Ic Tb
\
Te .\ \ Ic
[r,
Y I

BUS TIE CURRENTS

Ib

11 BUS
OEUTCATED BREAKER CONTACT

R LOAD lm.luﬁn?) {
ZL SOURCE
MA (&5 GHM 7)) FHASE A
,—O—-U——O—l

11 LINE
T NAAS

BUS TIE CONTACT RESTSTANCE
L8.8L OHY ¢ )
L B.061L DHY ? )
| .01 DHY ? )

Figure 5. Unbalance Inside the Parallel

One might conclude from the above discussion that a ring bus has several advantages over the main-and-
transfer-bus. However, many of our 350+ BPA substations, including Pearl, exist as main-and transfer
schemes and it would be cost prohibitive to change them. The integrity of the main-and-transfer-bus
protection scheme depends on each mechanical switch being in the proper position at all times.

Design of the main-and-transfer-bus protection switching scheme

At BPA, standard protection schemes are enabled by switching the control voltage to relay outputs. The
AC inputs to protective relays are not switched. In this way, if a switch is left in the wrong position, there
is no consequence until a fault occurs. The RTS, RSS, SSS, and MCS are gang operated, multi position
switches whose contacts exist only in the direct current control schemes of the protective relays. Protection
outputs may be transferred from any dedicated breaker control circuit to the transfer breaker control circuit
using a relay transfer switch (RTS). When the transfer breaker is connected to serve a transmission line, a
relay selector switch (RSS) is used to select one of several sets of relays. Each set is connected to measure
the transfer breaker current, but each set has a different reach. The setting selector switch (SSS) is used to
select and activate a particular setting group from among multiple groups within a single relay. The
maintenance cutout switch (MCS) is used to isolate the relay outputs from the control circuit during relay
maintenance. Each of these four switches are different from the AC test switches that are used to inject
currents and voltages into the relays. Of the above switch types, the RSS and SSS are similar in function.
Mixing together any of the other functions, RTS, MCS, and RSS on the same switch might create
confusion.



The design of the control voltage switch scheme should be operationally flexible and it should depend upon
the maintenance philosophy of the utility. Different philosophy would result in a much different design.
One philosophy is to remove the line from service and then test the relays and the protection channel
together as a system. Another philosophy is to transfer the line over to the transfer breaker and isolate the
individual protection components for testing. Where there are completely redundant relay sets, or sets with
different operating principle but where each set includes full protection for all fault types, each set may be
removed from service individually while the protected entity remains in service protected by the other relay
set. The BPA philosophy is to isolate individual protection components for maintenance or malfunction.
Also, good service reliability depends upon the ability to quickly isolate malfunctioning equipment. Each
line has a MCS for protective relays. An improvement would be to add an MCS for each circuit breaker.
Further isolation for testing of the protection channel equipment is accomplished by operation of a tone test
switch (TTS). Of course there exists the argument that routine maintenance will decrease availability!

The act of making parallel adds at least one new local fault contributor to the protected entity. In some
cases several fault contributors are added. It is important that trips to the new fault contributors are cut into
service by the RTS or RSS before the parallel is made up. This is especially true for bank protection and
for breaker failure outputs. It is important that on a two-position RTS the original trips to the dedicated
breaker are never cut out. Older RTS switch designs at BPA featured three positions. These switches were
applied to reconnect the line protection channel from the dedicated breaker over to the transfer breaker.

The center position allowed all direct trip and permissive signal outputs from remote relays to be
communicated to both the dedicated breaker and also the transfer breaker during the make parallel. The
third position allowed for removal of these transfer-trip signals from and to the dedicated breaker during
service of the line by the transfer breaker. This traditional method enabled complete high speed clearing of
both local breakers if a fault occurred during the make parallel condition. This however creates confusion
because the newer designs have only two-position RTS switches. Notice that adding a third switch position
will require a change to the switching sequence. At BPA two position switches have become the standard.
Again, where two-position switches are used to switch in relay trip outputs, it is import that existing trips to
existing fault contributors are never cut out by the RTS. This is because the RTS must be operated before
the make parallel and all contributors must be tripped if there were a fault at this time. Application of
direct relay to relay communication (such as for pilot wire or mirrored bit schemes) to main-and-transfer-
bus protection is difficult. Where there are two relay sets protecting a terminal, if the design requires that
one of the relays must always be in service, as it is designed common to the protection channel, then this
reduces operational flexibility.

The RSS is usually associated functionally with the transfer breaker. Since the transfer breaker may be
used to serve each of several lines or transformer banks, much different relay settings are required. Where
electromechanical relays are used there may be several sets, one for each line or transformer. The RSS can
have up to six or more switch positions. Each switch position is associated with a given line position.

Each relay set measures the transfer breaker CT. One relay with multiple setting groups can replace several
relay sets. Setting group may be selected by operation of the SSS.
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Figure 6. Transfer of the Protection Channel Using a Relay Transfer Switch (RTS)
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By BPA practice, each switch is typically located on the switchboard or relay panel by function. The RSS
and or SSS are located with the transfer breaker relays. An RTS used to switch relays from a transformer is
located on the transformer bank relay panel. An RTS used to transfer the protection channel is located with
the dedicated breaker’s line terminal relays. MCS switches are located with the relays that they cut out.
TTS switches are located with the channel equipment. It is important for operators that each switch is
clearly labeled. The label should briefly state the result of control action for each switch position.

THE PEARL MAIN-AND-TRANSFER-BUS DESIGN

Adding a new transmission line terminal to an existing switchyard requires study of how to re-deploy and
reconnect existing relays and instrument transformers. Line protection, bus protection, and bank protection
must be accomplished using the available instrument transformers if possible. A step outage plan must be
devised. Replacing the existing line relays can help minimize outage time when cutting over to new
instrument transformer sources and new relay trip output destinations. What was a low-side breaker
feeding a single transmission line off of the Pearl 525/230 KV transformer bank is now a main and transfer
bus switchyard with three circuit breakers and two lines.

High speed clearing is required for the Pearl 230 KV lines. A directional comparison three-pole-tripping
scheme is applied to lines connected in a main-and-transfer-bus arrangement. The existing line is three
terminal with back to back communications located at Pearl. In this scheme, forward under-reaching relays
at any terminal that sense an in zone fault trip directly and key direct transfer trip to each of the other
terminals. If forward over-reaching elements pick up at all line terminals, each terminal will clear high
speed by the permissive logic. This logic must be selectively moved to the transfer breaker during bypass
conditions of any line breaker.
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Figure 7. Pearl Substation Proposed Bus Arrangement

Protection, ”Inside the Fence” Scheme

Four lockout relays are used to provide complete jurisdiction for the protective relays, which have zones
that are designed to protect the equipment that resides inside the substation fence. The RTS and RSS / SSS
switches supervise the inputs and outputs of these lockout relays so that the proper fault contributors are
eliminated under the given bus configuration and fault conditions; and the bus and bank relays can have full
jurisdiction.

Differential over-current, sudden pressure, and non-directional over-current relays are applied to protect the
1800 MVA auto-transformer bank with delta connected tertiary. There are two relay sets each of which
trip a lockout relay. Since the primary bank bushing CTs must be shared, auxiliary CTs are used to provide
a delta connection, zero sequence filter for the differential circuit, and to enable the primary CTs to be wye
connected. The wye connection provides greater sensitivity for the over-current relays to ground faults.
Each of the two transformer lockout relays has jurisdiction over the adjacent 525KV bus breakers, the 230
KV transfer breaker and under certain conditions, the two 230KV line breakers. The lockout relay trip and
close interlock contacts to the 230 KV line breakers are supervised by contacts from the Relay Transfer
Switch which is associated with the 230 KV bank winding. This is the transfer switch that must be
operated prior to moving the power transformer off the transfer bus and onto the main bus. Other contacts
from the RTS are used to cut in trips and close interlocks from the 525KV bus lockout relay to the 230KV
line breakers, and to remove the set one bank differential relay from service.

11
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Figure 13.

Breaker Failure relays protecting the 230KV bus breakers are wired to key the 230 KV bus lockout relay.
In addition, the transfer breaker BFR is wired to trip the 525KV bus lockout relay. Breaker failure relays
protecting the 525KV bus breakers are wired to trip the 525 KV bus lockout relay.

Breaker 16H trip circuit

RT-1

Figure 14. RT3 Supervision

Manual and SCADA Control is applied for each of the new breakers. Programmable Controllers convert
the SCADA protocol into modbus plus protocol. Watt and Var information is extracted directly from the
line relays.

12
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Figure 8. Pearl 230 KV Switchyard Protection Scheme

Double Duty, Bypassing the Bypass

And now we can consider the complexity of not having a dedicated transformer bank breaker. This means
that the transfer breaker must serve as the bank breaker unless one of the line breakers must be bypassed.
To bypass a line breaker we must first move the transformer bank off the transfer bus and onto the main
bus directly. We must do this without de-energizing the bank in a make parallel, break parallel, high
voltage switching sequence using two motor operated disconnect switches and the transfer breaker. The
MODs are used to bypass the transfer breaker. Disconnect switch no. 192 of figure 7 is used to make
parallel around the transfer breaker. Once we have moved the transformer over to the main bus we can
now begin the switch order to bypass a line breaker position.
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Figure 9b. Protection Proposal 1, Alternative Service Condition, Setting Group 2
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Figure 10. Protection Proposal 2, Alternative Service Condition, Setting Group 2
(Normal Service Condition same as Figure 9a.)

Can we use a single digital rclay for bus protection with multiple setting groups? Do we make parallel and
then change setting groups”? Do wc change setting groups and then make parallel? One proposal would
combine the set 1 bank diffcrential relay with the set 2 bus relay so that the bank relay would protect both
the bank and the main bus when the bank is alternatively connected direct to the main bus. This would
save the cost of one relay. lach relay would have two setting groups, each of which measure the proper
instrument locations bcforce and after the transfer. The CT polarity and measurement locations for this
scheme, shown in figures 9a and 9h would be correct once the transformer bank has been moved to the
main bus. However, if the “mukc parallel” is attempted before changing setting groups then each of the
relays fail to measure the current of disconnect switch #192. If the setting group is changed before the
make parallel is attempted both the bank relay and the bus relay measure part of the current twice. Another
similar proposal is shown in figure 10 The proposal of figure 10 has similar problems. These errors
would show up as a diffcrence currentin the operate winding of any differential connected relay. If either
of these proposals are uscd 1t 1~ important that each individual relay be studied to determine its stability
during the error current condition  [hifTerent relays feature different restraint methods. A combination of
restraint and desensitizing the relay sctting would be required if either proposal of figure 9 or 10 were used.

Typically, the bus relay is sct at or ncar 10% of the bus fault MV A, with some time delay, 3 cycles. At
Pearl, with 31,000 amperes of primary fault current available, this is close to full load, 5 amperes in the
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relay. (CTR=3000/5) Also the sensitive bank differential relay with 20% restraint can operate for
difference currents between 1.5 and 3.5 amperes when the through current is at or below the full expected
load value of 5 amperes secondary. I operate = I setting + 20% I mean restraint. I setting =0.5,1,1.5,2, or
2.5. The wye-delta auxiliary CT connection (sq. root 3) and ratio (25/43), (38/43) can affect this. For
example, full load on 230 KV winding presented to the relay would be

(597.3MV A*(sq.root3))/241.5KV*(5/4000)*(sq. root3)(25/43)= 5.4 amperes

for the 525KV winding

(597.3MVA*(sq.root3))/525KV*(5/3000)*(sq.root3)(38/43) = 5.0 amperes

Mean Restraint = (5.4 + 5.0)/2=5.2

I operate = 2.5 + 0.2 (5.2) = 3.54 amperes

Thus for the least sensitive setting of the bank relay, any error in measurement of 3.54/5 or 70% of the 230
KV winding contribution at full load could result in a misoperation. For the most sensitive setting only
1.5/5 or 30% error can pick up the relay.

To cut out local protection during switching is not an option.

During commissioning, to the surprise of some of the local substation folks, the bank differential relay set 1
did in fact operate on error current. This is because the bank was first energized in the alternative

condition, directly connected to the main 230 KV bus. Fortunately, the relay output was cut out of service
at the time, by the bank E1 relay transfer switch as designed.

Transfer Breaker 1 SHi-‘VV‘RS S/SSS

ERENEED TTE [T [TE INNC H_. -}'_ iC u }_* g
E'::'.-. -..- x--. ,\-- .'.- l-.' ---. l'-' ."-” ...Ti §§§
: I
it T e e e
RSS/SSS

POSITION 21 PCB 19H SERVES BANK1 (SETTING GROUP 1)
POSITION 3: PCB 15H SERVES MCLOUGHLIN LINE (SETTING GROUP 2)
POSITION 4: PCB 15H SERVES SHERWOOD LINE (SETTING GROUP 3)

NOTE: AID STDP SCREVS (N PASTTION 1 AND 3 TO PREVENT SWITCH POSCTCLANS L.J3.8.AN0 7.

Figure 12. This switch selects the proper setting group for the transfer breaker relays. Operation of
this switch at the wrong time can result in the wrong bus relay being put into service.

Other methods of adding or subtracting CT contributions and changing CT polarity electronically inside the
relay were investigated. During the short design timeframe it was difficult to figure out a way to use the
multiple setting groups approach. Instead, two bus relays were used, as shown in figure 11. One relay (set
1) measures the sum of the line side bushing CTs of the incoming lines and also the 230 KV transformer
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bank bushing CT. This relay is cut in service during normal operation by the Relay Selector Switch/Setting
Selector Switch (RSS/SSS) The second bus relay (set 2) takes the sum of those same three CTs and adds to
them the transfer breaker bushing CT. The output of the second relay is cutout during “normal” operation
where the transformer is served from the transfer breaker as this second relay incorrectly measures the bank
current twice. The output of the first relay is cutout and the second relay is cut in only after the transformer
has been moved to the main bus but before the transfer breaker can pick up load. Because each of the CTs
of the first bus relay are located outside of the make parallel there is accurate bus protection at each point of
the switching sequence during bypass of the transfer breaker. In hindsight, it is possible that this chosen
protection scheme could work well with a single digital bus relay using two setting groups and at least two
individual CT inputs.

Selection of the type of bus protection was a difficult decision. Low impedance type relays were chosen.
Computer studies show that a bus fault or a close in line fault would produce 31,000 amperes of primary
fault current. The thevenen equivalent impedance looking into the system from the fault point produces an
X/R ratio of about 16. All maximum CT ratios did not match so some 4000:5 CTs were tapped down to
75% of their winding at 3000:5. Fortunately C800 rated CTs were purchased and the distance between the
differential relay and the remote breakers is only several hundred feet. The expected voltage drop of the
maximum expected secondary fault current through the burden of the leads multiplied by the X/.R ratio
plus one came out very close to the knee-point of 800 volts. One would like to use a high impedance bus
relay but with the transformer option of a direct connection to the main bus two different relay schemes
must be used. The relay scheme that is not in use during the alternative service condition would measure a
constant error current in its operate winding. High impedance type relays may not tolerate this power
dissipation over a long period of time. Other sophisticated bus relays that tolerate CT saturation could be
used. The cost of some of these can approach the cost of the deleted circuit breaker.

17



Bus Relay Set 2
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Figure 11. Chosen Bus and Bank Protection Scheme.

The Pearl 1800 MVA transformer bank can be difficult to energize. Despite the fact that it is located away
from large generation, its large si7¢ contributes to inrush problems. Energization after the initial outage
proved to be difficult. This was done in two steps. First, to excite the bank with voltage from only one
winding and then to pickup load The first try was made early one evening to excite from the 230 KV
winding. This would pick up the bank from the existing Sherwood/McLaughlin transmission line and
apply system voltage to the newly constructed bus for the first time.. Upon closing the 230 KV breaker a
new line protection relay tripped the breaker back open by non-directional switch onto fault logic. The
station fault recorder was not tniggening properly and the digital relay’s event report and internal data was
our only evidence. It is intcresting to notc that the abbreviated four sample per cycle waveform appeared to
be different than the sixtcen sample per cycle waveform. Phase “B” appeared to be greater magnitude than
the other phases. Previously thc bank automatic tap changer had been maintained and several parts
replaced. We checked for cvidence of a bus fault and could not find any. The tap changer was reexamined.
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The second attempt at energization was made around noon the next day from the 525 KV winding. This
second attempt also failed after pickup of a phase “B” dead line fault overcurrent relay. A transformer
bank pressure flow relay also picked up. Again, maintenance crews spent the next day checking out the
transformer. A test to check the frequency response or transfer function of the windings was done. The
resulting waveform signature compared identical to previous measurements. The transformer was then
demagnetized to remove any remnant flux. A low direct current voltage was repeatedly applied to each
winding, reversing the polarity each time. After some more trepidation, questioning of the relay scheme
and wiring integrity, and desensitization of the phase “b” DLF relay, the bank was finally energized from
the 525KV winding. Later that evening the 230 KV breaker was closed and the bank picked up load. In-
service tests of the new relays yielded reasonable measurements and polarity checks looked OK! One can
see that this is indeed a difficult process to get the transformer back in service once it has been removed.

Actual Pearl Substation Switching Sequence

Switch procedure, bypass PCB18

1a) Bypass McLoughlin-Sherwood Tap Line (PCB 18H =PCB 15H)
a) Move Bank1/RTS from 15H position to Main Bus position, which does the following:
1) Disables set #1 bank diff relay
i) Enables bank #1 86BKD] trips & close intedocks to PCBs 16H and 18H
ii) Enables S00kV east bus 86BD2 trips & close interlocks to PCBs 16H and 18H
iv) Includes bays 16 and 18 PCBs & MOD:s open status for BFR auto isolation scheme for PCBs 78E &
8E
b) Close Bank #1 230kV main bus MOD
¢©) Open PCB 15H
d) Move 15H-RSS/SSS from position 1 (15H serves Bank 1) to position 2 (15H serves Mclo-Sher tap
line), which does the following:
1) Disables set #1 / Enables set #2 bus diff trips to 230kV 86BD
ii) Selects bus tie relay setting group #2, which provides relay settings for the McLo-Sher tap line
€) Open Bank #1 230kV aux bus MOD
f) Close bay 18 aux bus MOD
g) Close PCB 15H
h) Move McLoughlin-Sherwood tap line RTS from Line to Bypass position to provide transfer trip to PCB
15H relays
1) Open PCB 18H

Figure 15.
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Restore PCB 18

1b) Restoration of Mcloughlin-Sherwood Tap Line (PCB 15H =>PCB 18H)
a) Close PCB 18H
b)Move McLoughlin-Sherwood tap line RTS from Bypass to Line position to provide transfer trip to PCB
18H relays
©) Open PCB 15H
d) Open bay 18 aux bus MOD
€) Close Bank #1 230kV aux bus MOD
1) Move 15H-RSS/SSS from position 2 (15H serves McLo-Sher tap line) to position 1 (15H serves Bank 1),
which does the following:
1) Enables set #1 / Disables set #2 bus diff trips to 230kV 86BD
i) Selects bus tie relay setting group #1, which provides relay settings for the Pearl bank
2 Close PCB 15H
h) Open Bark #1 230kV mamn bus MOD
1) Move Bank/RTS from Main Bus position to 15H position, which does the following:
1) Enables set #1 bank diff relay
1i) Disables bank #1 86BKD! trips & close interlocks to PCBs 16H and 18H
iit) Disables 500kV east bus 86BD2 trips & close nterdocks to PCBs 16H and 18H
iv) Removes bays 16 and 18 PCBs & MODs open status from BFR auto isolation scherme for PCBs 78E
& 88E

Figure 16.

Conclusion

Observation of the North American Electricity Reliability Council (NERC) planning standards approved in
September, 1997 show an emphasis on dependability, security, selectivity, and robustness for the protection
system. Guide G3 under System Protection and Control, Transmission Protection Systems, states that
The relative effects on the interconnected transmission systems of a failure of the protection systems to
operate when required verses an unintended operation should be weighed carefully in selecting design
parameters.” Guide G4 states that “Protection systems and their associated maintenance procedures should
be designed to minimize the likelihood of personnel error, such as incorrect operation and inadvertent
disabling.”

A large number of switching stations exist as main-and-transfer-bus arrangements. These arrangements
require human input and in the past acceptable results have been obtained. It would not be cost-effective to
convert these to some other type of arrangement.

Good substation design facilitates reliability and operational flexibility during HV equipment malfunction.
Alternatives are provided so that the consequence of loss of service of a single circuit breaker is made
insignificant. Protection is complete during each step of the switching sequence. Standards are followed
so that unique-switching-requirements are not necessary. Where stability is a concern, faults are cleared
high speed and protective relays have complete jurisdiction. The possibility for human error is minimized.

The Pearl Substation is just one example where the short-term savings of one circuit breaker could become
a long-term cost. This practice of designing with less than the full compliment of circuit breakers is a
gamble during a time when greater stress is being placed on maintenance and operations personnel and
where a simple error in the sequence of operation of switching could result in a trip-out. The service
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reliability of the 1800 MV A transformer is critical to maintaining maximum power exchange with other
utilities, and to avoiding lost revenue.
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