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SUMMARY

This paper deals with relaying application aspects of two parallel three
terminal lines forming a unique network between thermal generation, large
synchronous motor loads and the Alberta Interconnected System (AIS).
Design considerations dealing with summarized findings of studies, selected
protective relaying, logic and microwave teleprotection will be presented
followed by an in-service history.

Introduction

In October, 1983, TransAlta Utilities (TAU) in conjunction with Alberta
Power Limited (APL) completed commissioning of two three terminal 240 kV
circuits connecting the West Brooks and Anderson substations to Nova at
Jenner and Dome at Empress. The dual three terminal network provides two
large industrial customers, Dome and Nova, with a reliable two sources of
service, while meeting bulk power transmission requirements between a 700
MW generation bus and the Alberta Interconnected System (AIS). The system,
network to be protected and relevant technical information, is presented in
Figure 1. Both three terminal circuits including the Dome-Jenner (Nova)
two terminal circuit are suspended from double circuit steel towers
carrying shield wires. This implies that each West Brooks - Anderson main
circuit, intended to carry bulk power, is tapped at the same geographic
‘location to supply tap substations Dome and Jenner. The two terminal
circuit between Dome and Jenner allows the taps to be operated as a closed
loop system which provides a higher degree of operational flexibility and
tap supply dependability during single three terminal network disturbances.

The decision to adopt the dual three terminal network over other system
configurations using conventional two terminal line sections, was governed
by primary equipment economics, operational limitations and overall long
term transmission losses. '

A system configuration consisting of two terminal line sections was
visualized to be feasible by building a substation at the junction, or by
looping one circuit via the industrial customer substations Dome and
Jenner. To build a substation would have resulted in extensive capital
costs while the looped transmission system would have imposed, as mentioned
before, operational limitations and higher transmission losses.

Tap substation Dome is characterized by a large synchronous motor load.
Bulk power transfer is expected to flow consistently from Anderson
substation to the West Brooks substation as Anderson has two large sources
of generation, 765 MVA at Battle River (100 km away) and 350 MVA at
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Sheerness (TAU/APL) with expansion to 700 MVA by the year 1992. The
distance between Anderson substation and Sheerness generation 1s very
small, being approximately 1.6 km.

The interesting aspects of this particular protective relay application are
considerable tap lengths of 61 km and 137 km combined with high power
transfer requirements between thermal generation, large synchronous motor
tap loads and the Alberta Interconnected System (AIS) in general.

Operational Requirements

With Sheerness generation coming on line in 1985, the network serves to
provide reliable service to industrial customer substations, Dome and
Jenner, and to reinforce the southern Alberta system. At the present
Sheerness capacity and the proximity of Battle River generating plant
typical transmission at this time is 200 MVA received at West Brooks and a
combined industrial customer load of approximately 180 MVA.

After commissioning of full 700 MW Sheerness generation, the power flow
between Anderson and West Brooks is expected to increase dramatically.
Ultimately, with further system and load developments, the maximum
intermittent line loading on these circuits could approach the winter
thermal rating of 730 MVA as observed at one of the Anderson line terminals
with one 3 terminal circuit out of service. For this condition, the
loading at W. Brooks could approach 500 MVA.

With respect to automatic system restoratiom, single pole reclosing was not
required and slow speed three pole lead follow reclosing was adopted. West
Brooks, not associated with large motor loads nor generators, being the
weaker source terminal was found to be the most suited lead end. Anderson,
Dome and Jenner will reclose onto live line.

System Design Criteria

As the dual three terminal network is considered to be a part of the major
Alberta system, the protection is required to meet a high standard of
selectivity, security and dependability. This calls for at least two
protections of the primary class, each of which is independently capable of
detecting and isolating all faults.

With circuit breakers capable of clearing in 3 cycles, the overall fault
clearing times should not exceed 5 cycles for a fault at any protected
circuit location. In the event of teleprotection unavailability, second
zone sequential clearing on the West Brooks - Anderson circuit, including
parts of the tapped line section, would be acceptable. Similarly, for
faults close to the tap terminals, third zone sequential clearing could be
accepted. This was confirmed by studies showing that for the worst stated
clearing conditions, system stability is maintained and that operations of
generation auxiliaries are not affected. Second and third zone clearing
times within the AIS are generally 0.3 and 2.0 seconds respectively.
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The protections should be highly selective and secure for all external
faults without causing operation for the stated maximum line loading or any
system swings of less severity than that which would cause system
instability.

The design of the protective system shall allow for periodic testing of one
protective system with the system element remaining in service, so that
protection reliability is not sacrificed.

Usable Relaying Techniques
and Teleprotection Facilities

The communication system was essentially required for two reasons:

a) to make the relaying system selective,
b) to achieve faster clearing times.

The teleprotection system could be incorporated with either phase
comparison or distance relaying.

Although phase comparison relaying could have been considered in this
application, preference was given to concentrate on the application of
phase and ground distance relaying for each primary A and primary B
protection. The supporting reasons were:

a. TAU and APL staff are well versed in application and maintenance of
distance protections.

b. Phase comparison cannot operate without communications and distance
relays would be required as a back up anyway.

c. Distance protection permissive teleprotection requirements are less
stringent. ’

d. Permissive protection communications can be logically combined with
other substation teleprotection functions such as direct transfer
tripping.

e. Complexity of phase comparison detector when applied to three
terminals.

To meet the system design criteria, 16 msec microwave audio frequency shift
channels were made available. These channels would be combined to form
permissive and direct transfer trip functions.

As microwave communications are available at each of the three terminal
substations, protection communications between all three terminal network

terminals was possible.

Studies and Findingé

Considering the presence of generation at Sheerness and Battle River, as
well as synchronous motors at Dome, stability studies were run to check
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into the system's dynamic behavior. It was concluded that the system can
be considered to be stable implying that no special protection swing block
or swing trip features would be required.

Due to the complexity of the network to be analyzed and to determine infeed

and outfeed effects on the relaying, a computer fault study was used,

capable of modelling power flow, fault resistance and zero sequence coupling
between circuits.

Based on experience, the considered average fault resistances were 2.5 ohm
for phase to phase faults and 7 ohm for line to ground faults, representing
a combination of arc resistance and effective tower footing resistance.

Voltages and currents as well as related positive, negative and zero
sequence components at every three terminal bus were calculated for faults
placed at various locations throughout the network.

To determine actual reach settings to be applied to typical distance
relays, the following formulae were used.

ZLG = VA with K = Eg; apparent impedance for A-G faults.
IA +(K—1)IO Z1

ZLL = VA--B; aﬁparent impedance for A-B phase to phase faults.
IAle

ZLLL = z&; apparent impedance for three phase faults.
I
A

v v Z :

A~-B, A = Voltage vector 0 = Line zero sequence impedance

IA, IB = Current vector Z1 = Line positive sequence impedance

Based on the fault studies the following conclusions were drawn:

a. In the worst cases, the magnitude of apparent impedance resulting from
faults at a remote end of the network as seen by the other two
terminals would be in excess of the prefault load impedance based on
maximum line loading. At West Brooks and Anderson, this is due to
high power transfer requirements. At the tap terminals, although by
far not as heavily 1loaded, it is due to low fault current
contributions for faults close to remote ends. This finding led to
the selection of quadrilateral distance characteristics.

b. Studies of the wultimate system, characterized by presence of
generation and subsequent high prefault power transfers, revealed that
regardless of fault resistance, load currents will affect apparent
fault impedance vectors seen by distance relays considerably. They
confirmed that at the exporting end, there could be an over reaching
tendency which would serve to reduce the predominant under reaching
effect of resistive faults. The effect at the importing end would be
an increase in the apparent impedance as measured by the relay. Also,
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it was found that for faults close to the tap terminals associated
with maximum power transfer, apparent impedance vector angles may
deviate up to 35° from the transmission line relay characteristic
angle of 80°. This power transfer effect would result in angle
decrease at the power sending end (Anderson) and angle increase at the
receiving end (West Brooks). Further analysis of the shaped
characteristics revealed that some of the faults will not be reliably
detected by both distance characteristics at West Brooks. This
finding led to the adoption of supplementary ground protection based
on directional ground overcurrent relays and the application of load
current immune circular MHO phase to phase distance elements.

c. Studies of the initial system, being characterized by low power
transfer and the lack of Sheerness generation, revealed that with
current transformers applied to relay the final system, the protective
relays would have to meet high sensitivity requirements. Also, the
required settings for the over-reaching elements were found to be
unusually high.

These findings led to the adoption of 24 distance relays capable to
withstand 6A continuously.

d. Fault studies and theoretical analysis revealed that the effect of
outfeed for internal faults would not exist.

e. Effects on the apparent impedances caused by inductive coupling
between the parallel lines were included in the generated results.

Measuring Elements and Associated Characteristics

To meet the protection design criteria as discussed, the following
directional protection elements were selected for each network terminal to
form primary A and B protection schemes.

Zone 1 Under-reaching phase and ground distance elements to provide:

a. Carrier independent coverage.

b. High speed three terminal clearing via direct transfer tripping
channels.

Zone 2 Over-reaching phase and ground distance elements to satisfy 2nd
zone sequential clearing requirements and system back up for the
West Brooks - Anderson main circuit.

Zone 3 Over-reaching phase and ground distance elements to provide:

a. Carrier aided high speed directional comparison protection.

b. Carrier independent coverage meeting third zone sequential
tripping requirements in the event of carrier unavailability.
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Based on fault studies and subsequent R-X plots showing apparent impedance
vectors at maximum and minimum power transfer (Figure 2) it became obvious
that shaped impedance characteristics would be required for over-reaching
and delayed Zonme 3 protection functions in order to avoid pick up on load.

Fault detection by shaped impedance elements, applied at source substations
West Brooks and Anderson, is limited for tap faults due to the influence of
prefault loading causing substantial angle decreases at Anderson and angle
increases at West Brooks. In order to overcome this coverage problem of
shaped characteristics, it was decided to apply load current immune phase
to phase protection MHO characteristics and an additional high speed ground
protection package using directional ground relays.

To establish a suitable technique for directional ground relay
polarization, the directional element sensitivity was assessed in terms of
Io and zero sequence voltage Vo. In addition, the possibilities of Vo
reversal due to mutual coupling were investigated. Although the dual three
terminal networks are being strung on common structures, zero sequence
voltage reversal is mnot expected to take place at any omne of the six
relaying points. This was proven by theoretical system analysis and a
large number of fault study runs. As Anderson will constitute a
significant zero sequence source due to proximity of large size delta star
generator transformers, the Anderson relay zero sequence voltage (3Vo)
plunges well below the 10%Z mark for tap faults. This would normally call
for the application of voltage/current dual polarized relays. As the
Sheerness generating station zero sequence source transformer neutrals are
not accessible at Anderson due to a 1.6 km distance, it was decided to
apply a zero sequence current compensated voltage polarized directional
ground relay. Figure 3 shows how the selected relay is applied and how it
is expected to operate for internal and external faults.

Description of Protection Scheme

To minimize the required number of teleprotection links and to design a
teleprotection logic most suited for the application, various carrier
logics were reviewed leading to the adoption of a combination of
directional comparison and direct transfer tripping logic. Blocking logic,
although suitable, was avoided for the following reasons:

a. As tripping takes place on the lack of a remote blocking signal
received, -the speed of tripping is greatly influenced by a blocking
timer delay required to allow for protective relay response tolerances
and tone channel transmission tolerances. Allowing for all timing
tolerances the delay would render a blocking scheme too slow.

b. The application of a blocking scheme would require dedicated blocking
channels which could not be combined with other functions such as
direct transfer tripping. This would result in a larger number of
tone channels to be required.

c.. All existing TAU/APL 240 kV protection schemes use permissive and/or
direct transfer trip logic. The introduction of blocking logic, being
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an inversion of the <customary logic, <could cause unnecessary
confusion.

Each terminal of the three terminal network 1s protected by three separate
protection packages being redundant A, and B distance protections as well
as supplementary ground C protection to improve coverage shortcomings of
shaped overreaching ground distance characteristics contained in each A and
B protection. Source and tap substation simplified protection logic 1is
shown in Figures 4A-D.

To satisfy the directional comparison logic for each of A, B and C
protection schemes, three dedicated permissive channels CH-1, CH~2 and CH-4
operate in conjunction with corresponding overreaching elements 23 (A
protection zone 3 element), ZE (B protection extra element being a zone 3
equivalent) and 67F (C protection forward element).

All permissive tripping via carrier logic is based on the principle of
local overreaching element pick up and reception of permissive signals from
both remote terminals. All overreaching relay elements dinitiate
corresponding carrier transmission to both remote terminals.

Direct transfer tripping, initiated by & and B protection Zone 1 (Z1)
underreach elements, results in keying of all four channels. Direct
transfer trip reception is signified by reception of CH-3 and CH-1 or CH-3
and CH-2.

In the event CH-3 is unavailable, transfer tripping is lost leaving high
speed tripping to A, B, C protection directional comparison permissive
logics.

With all three network terminals closed, all internal faults are expected
to result in overreaching element pick up at both source terminals, on at
least two protection packages out of A, B, C to meet the design criteria.
With load currents approaching the design limits, this may be true for one
protection only for faults close to tap terminals.

Considering that tap terminals may contribute little or no fault current
for a fault on the protected line, each tap terminal is equipped with a
weak terminal carrier retransmit feature which operates as follows: 1In the
event of an internal fault, both source terminal overreaching elements of a
given A, B, or C protection are expected to send corresponding permissive
signals to the tap terminal. Reception of both corresponding remote 1 and
remote 2 permissive signals, combined with the lack of relay element pick
up results in carrier retransmission.

Tripping of the weak tap is expected to take place sequentially as soon as
source substation breakers clear. If the tap is run radially contributing
virtually no fault current, tripping is assured by using a combined logic
of low potential and carrier retransmission. This is depicted by the dead
terminal trip feature in Figures 4A-C.

Considering that the three terminal network could be operated leaving any
one terminal open, the permissive carrier logic at the remaining closed
terminals is satisfied by an open terminal carrier retransmit feature which
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sends a permissive carrier signal as soon as a permissive signal is
received from any one remote location.

As there are parallel transmission loops to each three terminal network to
be protected, fault current reversal on a healthy circuit due to sequential
tripping on a faulted parallel circuit has to be expected. Logic has been
incorporated to stabilize or block the overreaching permissive scheme
during the time intervals current reversal is expected. Each A, B and C
protection current reversal stabilization logic utilizes a directional
reverse reaching relay element called ZR for A, B protections and 67R for C
protection. To assure that current reversal blocking takes place at least
at one of the current outflowing terminals, each ZR element 1s reach
coordinated with the corresponding rtemote end forward elements 23, ZE.
Referring to Fig. 4A, B and C, the delay on pickup of Tl (2 cycles) is to
allow sufficient time for cancellation of the blocking scheme by 23 for
close in faults where ZR overlaps into Zone l. Otherwise, Z3 is picked up
after a current reversal has occurred at a terminal on the non-faulted
line, and with the delay on dropout now of the <R associated logic, both
tripping and sending of a permissive signal is blocked. The reset time
allows for dropout of 23, the incoming carrier signal and ZR after all
appropriate tripping has taken place. The relay sensitivity of 67R and 50N
are considered to be high enough to ensure response to external ground
faults for which current reversals could take place. 50N is an additional
monitor to 67N which determines the C protection overall semsitivity.

In order to ensure high speed tripping on line energization, each TA' and
'B' protection is equipped with a switch onto fault feature. On line
energization via manual or remote breaker closing controls, 'A’' and 'B'
protections are enabled to trip instantly via appropriate impedance
elements ZLC and 2S. ZLC is an A protection zone 3 element with a slight
reverse reach, while 2S is the B protection starter. The element must
respond to zero voltage 3 phase faults as may be caused by a ground chain.
The logic is intended to be enabled by a lack of line potential for a
period in excess of approximately 10 sec. and recalled within 1 sec. on
presence of line potential. The logic is applicable as PT's are connected
to the line side of the substation breakers and the substation side of the
line motorized switch.

The C protection being a supplement to A and B protections, is not equipped
with a switch on to fault feature.

Considering that the C protection directional ground relay zero sequence
polarization voltage is derived from line side connected potential
transformers, asymmetrical closing of breaker contacts could produce error
in polarization voltage while energizing the line. This error in voltage,
combined with line charging zero sequence current is expected to result in
momentary pick up of 67R which, to avoid undesirable pick up of the current
reversal logic, is blocked until the line has been energized for at least 6
cycles.
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Description of Relaying and Philosophy of Implementation

To meet the requirements of selectivity, sensitivity, speed, range of ohmic
reach and shape of RX characteristic, the following distance protections
were selected: :

A Protection: 2A rated non-switched three zone ASEA RAZFE.

B Protection: 2A rated switched three zone ASEA RAZOA complete with extra
element 2ZE and lenticular underimpedance starter RAKZB
called 1S.

The choice of 2A ratings applied to 5A CT cores is based on sensitivity
requirements and the need to apply comparatively large ohmic reach
settings. The reverse looking relay elements ZR, used for current reversal
stabilization, are 2.5A rated ASEA RAKZB underimpedance relays with
lenticular characteristics. One set of these relays is applied to each A
and B protection package. The implementation of protection logic as well
as the provision of sufficient outputs for tripping, reclosing and event
recording was achieved by means of additional external combiflex relays.

The C protection contains 5A rated solid state CWC SRG-1H directional
ground relays to provide the 67F and 67R functionms. All other logic and
current sensing features were implemented with ASEA combliflex relays.

Figure 5 shows typical R¥ plots of all protective relay elements contained
in A, B and C protection packages. ’ :

To allow for ease of maintenance and to enhance overall protection
reliability electrical and physical segregation was attempted.

A, B, C and transfer trip schemes are located on different panels, supplied
with dedicated fused DC supplies. The A protection is connected to a
dedicated CT core and the potential transformer ¥ winding. B and C
protections share one CT core and the potential transformer Y winding.
Breakers are equipped with dual trip coils and use of shielded cables was
made.

Mounted on a common rack, each set of teleprotection channel equipment is
equipped with isolation/test panels and separately fused. It operates via
a dedicated multiplexer and can be independently served.

Under normal 1line loading the discussed implementation of A, B, C
protections as well as associated permissive and direct transfer trip
teleprotection communications provides full coverage and a great degree of
protection redundancy. Communications and relay maintenance will mnot
degrade protection coverage, provided only a single protection package or
tone channel is worked on at a time.

Should line loading approach the contingent design limits, all protections
and channels must be available in order to maintain unimpaired protection
performance. Protection A and B is expected to experience problems dealing
with ground faults which will be covered by the C protection. For phase to
phase faults protections B and C are considered to be deficient in
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detection, whereas circular MHO phase to phase elements in the A protection
would cater for this situation. In recognition of this, no maintenance
work is expected to be scheduled with one three terminal network out of
service or operating close to maximum line loadings.

Under similar operating conditions, a three phase fault at the tap terminal
may result in sequential tripping of the source terminals due to apparent
fault impedance vectors possibly falling outside of one terminal’s relay
characteristic.

Although the presented concept of implementation does not fully satisfy the
concept of full protection duplication, it has been accepted in order to
keep protection complexity, related costs and future maintenance costs
within reason. Other supporting reasons to accept this philosophy is the
intermittent nature of the critical line loading and the low fault current
magnitudes for which protection limitations may exist.

D Settings

The following approximate settings were applied to the W. Brooks - Anderson
- Dome circuit. A 100 km line impedance was used as a 1 pu reference.

Anderson W. Brooks Dome

Z1l = 0.9 Z1 = 0.9 Z1l = 1.1
72 2.5 22 = 2.5 ; : ‘ 22 = 2.0
23, ZE = 6 23, ZE = 6 Z3 = 6
725 = 8

In Service History

Commissioning of the protection and control aspects of the three terminal
network and related substation operating logic lasted approximately four
months. This included extensive testing of what were for APL and TAU new
relays, end to end communication and teleprotection tests and thorough
logic checks. Prior to this, ASEA in Sweden had subjected the RAZFE and
RAZOA relays to a number of faults simulated on a network analyzer model of
the three terminal network. This study corroborated the results of the
computer runs as far as relay response for faults under different load
conditions and at varying locations on the network was concerned.

Some consideration was given to fault staging, but as this is not usual
practice with APL/TAU and in view of the numerous studies carried out to
predict relay response, stability and overall protection security, the idea
was dropped.

During the initial post energization period, some overvoltage problems had
developed due to the lightly loaded long lines. Typically the overvoltage
conditions occurred during or immediately after switching at the tap
substation, especially if the reactors at these subs were not brought on at

- 10 -
summary
RELAY



the correct time. Once the unit at Sheerness came on line, these problems
virtually disappeared.

Otherwise, from the original in-service date up until January of 1984,
there were no faults on the network or relay operations for external
faults. On several occasions there were reported disturbances on the tie
line between Dome and Jenner substations for which all protection on the
main network remained stable and secure. On Jan. 28, the first recorded
faults occurred on the main circuit between Anderson and Brooks. There
were two line-to-ground faults within a four hour period both located very
near to the junction, as determined from oscillograph traces. Protections
'A' and 'C' correctly responded here, along with all correct logic
operations, consisting of permissive sends, weak terminal echo and direct
trip as a result of Zone 1 detection from both source ends. For the 'B'
protection, however, a failure to identify the faulty phase following relay
start was the case, a scenario which would repeat itself for all subsequent
phase~to-ground faults anywhere on either eircuit, but only with relays at
Anderson, the exporting terminal, while phase to phase faults would have
correct relay operation. As we could not identify a relay problem from
further testing, we solicited the manufacturer's expertise in coming up
with an explanation of the events.,

ASEA expediently identified a subtle design imperfection which resulted in
confusion of phase selection if healthy phase current at the sending end
was higher than a certain percentage of fault current. This was corrected
in reissues of the starter card for the relay and an exchange program of
cards for relays built before February, 1983 was instigated.

Later on, following continued erratic performance by the now modified
relays during ground faults, an on site investigation by ourselves with
ASEA personnel revealed that overburdened measuring potential transformers
were creating a large phase shift in the impedance vector. The excessive
burden was introduced during line to ground faults by step-up wye-broken
delta connected auxiliary PT's used for voltage polarization of the ground
directional relays ('C' protection). The recommendation was to go to 1:1
ratio auxiliaries, transferred to a different main PT secondary winding.
This is presently being implemented.

In the meantime, faults on the network were now occurring with greater
regularity and in particular, phase-to-phase faults. The geographical area
in which this network is situated is particularly subject to wet snow and
frost accumulations and extremely high winds (the major storm of spring
1986 which resulted in the collapse of numerous towers on this network is
an extreme example). These conditions would result in frequent occurrences
of conductor clashing or 'galloping' conductors. It was not unusual to
record several reoccurring phase-to-phase faults over a short period of
time during spring storm conditions. However, in all documented outages on
the network caused by phase-to-phase faults, protection maloperation was
never a cause, other than a short post commissioning period where some
"bugs' in the logic circuits and relay racing problems had to be corrected.
Short of the problems at Anderson with the 'B' protection, the same could
be said for line to ground faults, which were now less frequent and usually
occurring on one of the tap sections of line. The weak terminal echo logic
proved to be reliable when called on to operate and in general, total fault
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clearing times when relying on the permissive overreach scheme where within
6 cycles.

Presently, many aspects of the three-terminal line are under review. There
igs concern over the risk to to a secure interconnection between the two
generating sources and large load center that has arisen with the frequency
of phase-to-phase faults. Investigation indicates that particularly long
spans of the line crossing rivers are the ones experiencing the highest
rates of galloping. A project to install de~tuning pendulums on these
spans has been initiated.

As far as the protection itself is concerned, the original design criteria
of at least two out of the three schemes operating for any given fault has
been satisfied to date and with the implemented corrections on the 'B'
protection, there should be no doubt of continued success in this regard.
It was recognized from the beginning that this would be a difficult
application for the relays but their performance has been commendable.

Conclusion

The following conclusions can be drawn:

1. The dual three terminal network discussed here is unique in the sense
that it is not only close to generatiom, but in addition, it deals
with large tap lengths, effective infeeds, double circuiting of lines
and unusually high line loadings.

2. A computer fault study capable of modelling arc resistance and
prefault loading was utilized, leading to the selection of protective
relaying, being redundant distance = and supplementary ground
directional overcurrent devices.

3. The need for current reversal stabilization was recognized and
implemented by using reverse directional elements.

4, A unique teleprotection system is deviced combining the functions of
direct transfer tripping, overreaching permissive tripping and
automatic retransmission of permissive signals.

5. Although subject to a higher than normal occurrence of phase—to-phase
faults, the protection schemes have proved reliable. Problems
relating to ground fault detection by the 'B' protection have been
addressed by both the manufacturer and utilities and remedial action
instigated.
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