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ABSTRACT

The relay application considerations of the Island Cogeneration Project are reviewed and
discussed.

The project required the application of three terminal line protection to accommodate the
cogenerator into the existing transmission system. As an introduction to this paper, some
of the classic problems that may be encountered in a three terminal line protection
application are briefly reviewed.

Alternatives for protection for this specific project are reviewed, with an in depth
examination of the chosen alternative, as well as the choice made for relay to relay
communications.

The model system testing for the applied relaying is described with a summary of the
applicable relay setting considerations for each line terminal.

On account of the project, a transmission line remedial action scheme (RAS) was required.
The applied RAS scheme is reviewed along with a description of the relay settings and a
discussion of the coordination required between various elements.



INTRODUCTION

The Island Cogeneration Project is being developed to meet British Columbia’s load
requirements and will be Canada’s largest independently owned, gas-fired cogeneration
plant.

The plant is rated at about 250 MW and is a combined cycle plant with a single generating
unit. The plant will deliver excess steam to the nearby Elk Falls Pulp Mill.

As shown in Figure 1, the Island Cogeneration plant is located mid-way along the east
side of Vancouver Island.
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Figure 1 - Island Cogeneration Plant Siting

The Island Cogeneration Project is connected into the existing transmission system which
supplies the Elk Falls Mill, as depicted in Figure 2. As shown in the figure, the
cogeneration plant is electrically quite close to the pulp mill.
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Figure 2 - Transmission Line Interconnection
Under normal loading conditions, with Elk Falls Mill at a nominal load of 200 MW, the
net export to the system is expected to be about 50 MW (25 MW per circuit).
LINE RELAYING APPLICATION
Basic Considerations — Historically, for short line relaying applications pilot wire

protection (or one of its modern equivalents line current differential relaying) was a first
consideration in applying line protection owing to:

¢ Physically short distances which could easily accommodate a metallic pilot wire

¢ Difficulty in applying meaningful zone 1 impedance settings due to limitations
in the relay setting ranges available

e High SIR (source to line impedance ratio) present with electrically short
transmission lines, which can increase tripping times

e Short duration, prefault memory polarizing voltages for some impedance relays
which can present application problems

Microprocessor based relays have been applied on power systems for some time. Further,
communications media such as fibre optic cable is a cost effective method of providing
relay-to-relay communications. With these technologies, other types of relaying solutions
are practical to implement.



Three Terminal Line Protection Problems — As an introduction to the relay application
aspects of this project, a brief review of some of the classic three terminal line protection
problems!"! is appropriate. These include:

e Reduction in distance relay reach due to infeed
e Qutfeed condition

¢ Ground relay desensitization

The reduction in distance relay reach due to infeed with a tapped source of generation can
be illustrated in Figure 3. It shows the apparent impedances (Z ., ) seen by relays at EFM
for a 3 phase fault at JHT without infeed when compared to the 3 phase fault with infeed.
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Figure 3 — Distance Relay Infeed Effect

To accommodate the infeed effect of the cogenerator, second zone distance settings at
EFM must be set with the cogenerator infeed. Care must be also be taken when the
cogenerator is out of service that the relay setting will not excessively overreach.

An outfeed condition for a three terminal network is a rare occurrence in the author’s
experience. Nevertheless, an example is presented in, Figure 4 since it can occur.



Figure 4 — Outfeed Condition

An outfeed condition would preclude the application of conventional impedance relays
and directional ground overcurrent relays. For CB3 these types of relays would look in the
reverse direction for a forward fault. However, other alternatives could be applied such as
line current differential protection which work on the princple of Kirchoff’s current law.

Another common problem with a three terminal line protection application is the
desensitization of ground overcurrent protection. This is illustrated in Figure 5.
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Figure 5 - Ground Relay Desensitization

Figure 6 shows in a graphical format the degree of ground relay desensitization caused by
a 200 MW IPP tapped in the middle of a 500 kV transmission line. The graph is based on
line protection ground overcurrent detectors set at 300 A primary at each terminal.
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Figure 6 - Ground Relay Desensitization Vs Distance

Alternatives Considered — For this project, the following line relaying alternatives were

considered.

Physically connecting Elk Falls Mill and Island Cogeneration Project CTs
together and relaying the two terminals as one terminal — This was considered
during the proposal stage for the project but was later rejected. Elk Falls Mill
and Island Cogeneration are different entities which could present certain
jurisdictional issues. Ground potential rise conditions between the plants would
also have to be addressed. Testing would be difficult with instrument
transformers located at two separate plants. Tripping signals would have to be
routed between the two plants, which is an added complication.

Line current differential relaying — This was a viable alternative. However
B. C. Hydro had no operating experience with the new generation of micro
processor based line current differential relays. The required design testing and
review of several alternatives could not be accommodated in the time frame of
the project.

Permissive Overreaching Transfer Trip (POTT) — This scheme, utilizing phase
distance relays’” and directional ground overcurrent relays, has been
extensively applied on B. C. Hydro’s system with products from various
manufacturers and was the preferred alternative.

Relaying Communications — A permissive overreaching transfer trip scheme was

implemented in three terminal mode for the Island Cogeneration Project. Fibre optic cable
connecting the three relay terminals was viewed as the most economic and preferred
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choice owing to the short transmission distances involved. Figure 7 shows how the three
relaying terminals are connected together. Only the primary protection system is shown, a
duplicate system is provided for standby protection.
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Figure 7 — Telecommunications Connections

Fibre optic modems are direct connected to the serial ports of each relay®™ . Also, as
depicted in this figure, the signals from relay to relay are ‘daisy chained’ together. For
example, to communicate relay information from the cogeneration plant to John Hart
substation requires that the signal be routed to Elk Falls Mill and then on to John Hart.

Multi-mode fibre was used. The speed selected for the modems was 38400 bps. The
transmission time to send one message to the next terminal is about 1/8 of a cycle.

Since the Elk Falls Mill was an existing plant this facilitated the routing of the main cable
from John Hart Substation to the mill When the Island Cogeneration plant was
constructed, a short length of fibre optic cable was installed between the mill and the
cogeneration plant. The overall physical routing of the cable as well as the fibre ‘break-
out’ points for connecting to the relays is shown in Figure 8.
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Figure 8 — Physical Routing of Fibre Optic Cable

Relay to Relay Digital Communications — Relay to relay digital communications is
configured to provide 8 virtual channels between each relay over a single fibre. Within the
relay, it is possible to write logic equations to perform desired functions such as keying of
permissive and direct transfer trip signals. Figure 9 illustrates the mapping of these eight
virtual channels from terminal to terminal. As shown, virtual channel 1 (T1) is mapped to
the remote channel (R1) and so on. The descriptive equations shown in the figure are for

the permissive tripping functions.
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Figure 9 — Virtual Channels Between Relays



Because any terminal can only directly receive or transmit information from one other
terminal, the routing of the permissive signals in Figure 9 needs to be explained as
follows.

Starting at John Hart, protection will key a permissive signal via channel T1 to Island
Cogeneration, R1. This received signal, combined with local permissive keying at Island
Cogeneration is sent out via channel T2 to Elk Falls Mill. Note that the keying signal is
conditional: both local keying and receipt of keying from John Hart must occur.

At Elk Falls Mill the signal from Island Cogeneration is received via channel R2. This
received signal in combination with local detection of a fault in the forward direction,
causes local protection tripping at Elk Falls Mill.

Test Switches For Relay Testing — With traditional teleprotection facilities, an output
tripping contact with a suitable wetting voltage connects to the external teleprotection
equipment. Since this involves wire connections, it is relatively easy to install test switches
in either the protection panel or the teleprotection panel. With a direct fibre connection to
the relays a different approach has to be taken.

A physical switch is connected to an input of the relay. The input is assigned in the relay
settings to a variable, for example ‘X’. The variable ‘X’ is added to the equation for T2.
This is illustrated in Figure 10.

DC +ive
copen | Assign input 1 to the variable X
switch test switch
to disable . .
keying” The assignment for virtual channel T2
INPUT becomeS:
RELAY

T2 = Local Keying from JHT AND
Received Keying from EFM AND X

To add an alarm function for the test switch add NOT “X”
as another term to the alarm output of the relay

RELAY OUTPUT 11 = ALARM AND [NOT(X)]

Figure 10 — Test Switch Methodology

Figure 10 also shows how an alarm function can be provided if the test switch is
inadvertently left open.

Model System Tests — Given the complexities of three terminal line protection, the use of
a new form of communications system, and considering that there are two three terminal
lines operating in parallel on the same right of way, model system tests were used to
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confirm the performance of the relaying and communication system. The tests were
designed to meet the following objectives:

1.

Prove the communications concept of fibre optic communications directly
connected to relays via fibre optic modems where the signals are ‘daisy
chained’ between the protective relays of the three plants. Also, fast channel
times would require careful setting of communication related delays in the line
protection.

Prove with a system model, that will be virtually the same as the actual
installation, that the scheme is secure (not false trip) for external faults and
dependable (trip) for internal faults.

. Include the effect of Elk Falls Mill synchronous and induction motor loads on

the line protection.

Confirm communications independent operation of the protection in the event
of the fibre optic cable being completely severed

Once the model was working properly, invite selected staff from the Elk Falls
Mill plant and from the Island Cogeneration Project to witness some of the
tests.

Several options were available in performing these tests.

Electromagnetic Transient Program (EMTP) based tests - This method would
include modeling of the Elk Falls Mill induction and synchronous motors, the
Island Cogeneration synchronous machine as well as the three terminal
transmission line. This method would require the work of an EMTP specialist
to provide the necessary model.

Dynamic state simulation — These tests would involve the application of pre-
fault and fault voltages and currents with phasor quantities. Both pre-fault and
fault information can be obtained from a classical 60 HZ fault study program.

After review, the second option was chosen since it would require fewer resources in
terms of people and test equipment. Though EMTP based tests would undoubtedly give a
more complete and accurate picture of relay system performance, Dynamic state
simulation tests were deemed to be acceptable given that;

The 132 kV transmission lines were quite short, with no perceived benefit in
providing a detailed transmission line model



e To a large extent, transient effects of the synchronous machines and motors
in the system could be modeled by appropriate machine data in the fault
study program

Figure 11 shows a simplified diagram of the test setup.
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Figure 11 — Model System Test Set-up

Approximately 60 cases were run for various system conditions and load flows. For
each case, a pre-fault load flow was run in the fault study program and the phasor data
recorded for each of the three terminals. Similarly, phasor data was recorded for each
fault. To facilitate accuracy and speed in documenting the data, phasor information was
electronically transferred from the fault study program into a spreadsheet program. The
spreadsheet, with slight modification, was used as the test input file for each of the test
sets. Figure 12 is a simple representation of how the data is transferred from the fault
study to the test set input file.
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Voltages at this bus & Fault
Currents from this bus: TIME
- - Va mag. JHT TERMINAL |§G 00

I\;a=-37010 I;‘Vggg 80 Va ang. JHT TERMINAL

Vb mag. JHT TERMINAL |68
Vb=71kV @ 60 Vb ang. JHT TERMINAL
Ib=300 A @ =30 Vc mag. JHT TERMINAL

Vc ang. JHT TERMINAL
Ve=71kv@ -60 la mag. JHT TERMINAL Q751
lc=300A @ -150 la ang. JHT TERMINAL

<note: only part of test input file shown>
Phasor display from fault Write output to a print file Transfer text (via Excel visual basic
study program ——> *.prn ——> code) to test set input file, and change
R — quantities to secondary values

Figure 12 - Fault Study Data Transfer to Test Set Input File

Preliminary settings were applied to the relays at all terminals and the test series was run.
Based on the test results, some adjustments were required, primarily to the residual
ground current level detectors of the permissive relaying scheme.

As well, the test series brought to light two interesting problems.

The first problem related to a complete loss of relay communications. During a simulation
of complete loss of communications, simulated by removing the fibre connections to one
of the modems, relay to relay communications became unstable and a false trip occurred
for an external fault. After discussion with the supplier of the protective relaying
equipment a solution was provided.

The second problem related to relaying performance for resistive ground faults. For a high
resistance ground fault near one terminal, the two remote terminals became weak sources.
Tripping for this condition is accomplished by keying of permissive trip from the strong
terminal and repeating (echoing)!*) the signal back from the weak terminal(s) provided
reverse looking elements at those weak terminal(s) have not picked up. Receipt of the
repeated permissive signal at the strong terminal plus local fault detection will finally
initiate tripping. In the example shown in Figure 13, John Hart was able to sense the fault
and key permissive signals to the remote terminals. However, because of the method in
‘daisy chaining’ the signals from terminal to terminal, and due to the fact that BOTH
remote terminals are weak, these permissive signals were not repeated back to John Hart
to allow John Hart to trip.
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Figure 13 — High Resistive Ground Fault Near One Terminal

This is explained in detail as follows. Referring to Figure 13 as well as Figure 9 (which
illustrates how the permissive signals are routed) John Hart is able to key a permissive
signal to Island Cogeneration Project. For Island Cogeneration to repeat the permissive
signal however, it must have also received information from John Hart consisting of John
Hart keying ANDED with received keying from Elk Falls Mill. Because Elk Falls Mill is
weak, it cannot key. Therefore, there is no repeat of received permissive keying from the
Island Cogeneration.

To solve this problem supplemental blocking logic was added to cover for these fault
conditions. Using the resistive ground fault near John Hart as an example, additional terms
are added to the T2 virtual channel at John Hart.

T2 = (Local JHT keying AND Received Keying from EFM) OR Timer Z Time-out
The new term is shown in italic. The input equation for timer Z is as follows:

Z = local JHT Keying AND no blocking signal* from EFM
AND no blocking signal* from ICG

The time delay pick-up setting for Z is set at 1.5 cycle to provide
coordinating margin for the received blocking signals* to be
received in time from EFM and ICG

*The blocking signals are initiated by reverse looking fault
detectors at EFM and ICG

Thus, provided EFM or ICG do not see reverse faults, T2 will key out a permissive signal
to ICG. At ICG, keying will be echoed to EFM, which will in turn echo back to JHT.

Note that the supplemental logic described is very similar to the application of a DCB
(Directional Comparison Blocking) scheme.

Basic Permissive Logic Scheme — The basic permissive logic scheme is shown in
Figure 14.
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Figure 14 — Basic Permissive Logic Scheme

Not all the logic gates and coordinating delay timers are shown in the figure. Refer to the
IEEE Guide for Protective Relay Applications to Transmission Lines*! for these details.

Setting Considerations For each Terminal - Figure 15 provides a summary of the
settings applicable for high speed detection of multi-phase faults. Values are in primary

ohms.

EFM JHT
Z1= 1.59 Ohms, 80% of circuit

e——— line impedance, 1.98 Ohms —» 72=15 Ohms FWD Zone 2
Z3=22.5 Ohms REV Zone 3

Z2=20 Ohms FWD Zone 2
Z3=24 Ohms REV Zone 3

ICG Z22=15 Ohms FWD Zone 2
723=22.5 Ohms REV Zone 3

Figure 15 - Principle Settings For Detection of Multi-Phase Faults

At the JHT terminal, a direct tripping zone 1 distance relay can be applied which covers
approximately 80% of the circuit distance to the ICG tap point. However, since EFM and
ICG are in such close proximity to each other it is not practical to apply direct tripping
first zone relays. Second zone permissive tripping distance relays are set at each terminal
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and are set quite long relative to the line impedance of 1.98 ohms. This is done for two
reasons:

e Accounts for the infeed effect from other terminals which will reduce the relay
reach

o Improve tripping time due the high source to impedance ratio (SIR)

As a final comment on Figure 15, notice that all reverse third zone settings, Z3 are set for
a longer reach than any forward looking Z2 distance relay. This fulfills the basic
requirement of all permissive overreaching transfer trip schemes that reverse looking
elements are at least as fast and as sensitive as any forward looking element in the scheme.

Figure 16 provides a summary of the applicable -settings for high speed detection of
ground faults, and whether the elements are directioned forward or reverse, as indicated
by the arrows. Values are in primary amps.

Ion = 120 A—P> 4— oy =160 A
Ioo=60A 4 —p o =100 A
<— Iop = 10000 A
EFM JHT
1 Ion=128 A
ICG ——

l IoL80 A

Figure 16 - Principle Settings For Detection of Ground Faults

At the JHT terminal, a direct tripping instantaneous directional ground overcurrent
detector, IOD, is set at 10,000 A and will operate for bolted ground faults near the JHT
terminal. The setting is high such that ground fault near EFM or ICG will not be seen by
the IOD element. The IOH elements are forward looking directional ground overcurrent
elements which key the permissive communications channel. The IOL elements are reverse
looking directional ground overcurrent elements which provide a blocking function for
reverse faults. Similar to the multi-phase fault detectors, each IOL element is set more
sensitively than the forward looking IOH elements at the other two terminals.

Communications Independent Relaying - Communications Independent relaying is
applied in the event there is a problem with the communications system. The most severe
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problem would be a complete sever of the fibre optic cable, often referred to as ‘back-hoe’
fade.

Coverage for multi-phase faults is provided by timed delayed distance functions as
illustrated in Figure 17 below. Values are in primary ohms.

EfM > Z2=18 Ohms Z1=1.59 Ohms INST.
\n/ \ N 18 cycles (0.3s)
vV V

I vV V
Z2=7.57 Ohms
~ 18 cycles (0.3s)

ICG

I\A/

Figure 17 - Communications Independent Relaying for Multi-phase faults

Coverage for ground fault is provided by inverse time overcurrent directional ground
relays, as shown in Figure 18.

EFM JHT
120 A PICK -UP 200 A PICK-UP
TD-9 TD-2 o
VITO characteristic | ‘ VITO characteristic
10,000 A INST.
288 A PICK-UP
TD-4
ICG __| VITO characteristic

Figure 18 - Communications Independent Relaying for Ground faults

Communications independent relaying is in service all the time and time coordinated with
the permissive overreaching transfer trip scheme.

For a complete sever of the fibre optic cable, which contains the fibres for both circuits
IL103 and 1L104, protection for both circuits would revert to communications
independent operation. Coordination for this situation presents a problem because the
third terminal, ICG, electrically connects 1L103 and 11104 together at the

tap points with minimal impedance.
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Thus, using the JHT terminal as an example, a timed distance function on 1L103 will
operate for faults on 10104 near the tap point. Timing the JHT 11103 relay longer than
the JHT 1L104 relay will not help because if the reverse were to occur, that is a fault on
1103 near the tap point, the JHT 1L103 relay should time faster than the JHT 11104 relay
to properly coordinate.

The area where miscoordination occurs depends on the fault location and the strengths of
the sources at each terminal. Figure 19 shows the area of miscoordination for the JHT
11104 relays for faults on 11103 circuit. A similar picture can be drawn when evaluating
coordination for the other terminals.

Area of Miscoordination 43% From JHT

o
1L103

¢

EFM Ph-Ph FAULT
| 3 \A/
| 1L104 VYV

Figure 19 - Area of Miscoordination for JHT Timed Distance Relays

Miscoordination is accepted for this situation given the low frequency of faults on these
circuits (less than 10 on both circuits since 1978) and that for a complete sever of the
cable, the affected section would be replaced within two to three weeks. One way to
mitigate the risk is to open one of the ICG HV breakers. Assuming there is a 50% chance

of the fault occurring on either circuit, the risk in losing ICG generation is reduced by a
half.

TRANSMISSION LINE REMEDIAL ACTION SCHEME

Background - Historically, due to limitations in the transmission line ratings of 1L103 and
1L104, a remedial action scheme was previously installed at EFM to prevent overload in
the event of loss of one of the transmission circuits. The scheme consisted of reverse
power relays at each EFM terminal (directioned to sense power flow towards the plant).
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Upon loss of a circuit, the applicable power relay would drop out, initiating load shedding
at the plant so that the remaining circuit could carry the load.

With the installation of ICG the requirements for load shedding became complicated.
Depending upon the load at EFM and the amount of ICG generation, the remedial action
will vary, in particular which plant required it.

Conductor Ratings - During the planning stages for the transmission line taps to connect
ICG to the system, it was decided to upgrade the conductor sections from the tap points
to EFM. This would accommodate the scenario of ICG supplying the majority of the EFM
load if one of the JHT line terminals was open. It also facilitated the installation of a new
transmission line overload scheme installed at JHT.

New Transmission Line Overload Scheme - Transmission line thermal overload relays
were installed on the JHT terminals of circuits 1L103 and 1L104. These relays follow the
principles described in House and Tuttle’s 1959 AIEE paper”’ .

Depending upon the status of ICG and EFM for the condition when one transmission line
is lost, remedial action is appropriate at one plant but not the other. In fact, remedial
action at the wrong plant could aggravate the overload situation. Some extreme conditions
that need to be covered by the overload scheme are shown in Table 1.

EFM Plant status ICG plant status Desired Remedial Action
EFM planﬁut down ICG at full output Run back ICG unit or
Trip Unit breaker
EFM at full load ICG shut down Shed EFM load

Table 1 - Plant Status Vs Desired Remedial Action

Many other conditions between these extremes are possible, some requiring remedial
action at a particular plant, others not.
Solutions to cover these situations and steer remedial action to the correct plant include:

e Telemetry of EFM load and ICG generation information to JHT

e Addition of power relays at JHT on each line terminal to sense magnitude and
direction of power flow
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The second alternative was chosen. With this alternative, a transmission line overload
scheme could be applied at JHT, independent of any information being received from
EFM and ICG.

A simplified diagram of the overload scheme is shown in Figure 20 for one of the circuits.

Ambient

JHT temperature,
1L103line  Measured at
current HT

o ||

Thermal Overload Relay

TH(@O®C) TL (8C°C)

32PR “—  32PF —— 32PR ‘l: ——32PF J*m
a | a | a I a a
Transfer Transfer trip -
Alarm to EFM - trip ICG Run back I(gG unit
"Remedial unit
action at EFM breaker
Alarm to ICG - “Imminent”
“Remedial
action at ICG
“Imminent” Transfer trip -

Shed load at EFM
Down to minimum

Figure 20 - Overload Scheme For 1L103 Circuit

The power relays steer remedial action to the appropriate station. For power flow out of
JHT the power relays see forward and remedial action is steered to EFM. For power flow
towards JHT remedial action is steered to ICG.

As shown in the figure, two stages of remedial action are applicable for the thermal
overload relay; a first stage for a conductor temperature of 80° C and a second stage for a
conductor temperature of 90° C. Along with steering the remedial action to the correct
plant, the power relays also provide an alarm function.

In setting the level of the power relays, care must be taken that they do not encroach upon
the characteristic of the thermal overload relays. To evaluate this, various ambient

temperatures and line loads were simulated when testing the transmission line overload
scheme
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