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Abstract

When evaluating the costs of a transmission system upgrade, the main advantage of series
compensation against the new transmission line is up to 90% reduced investment costs for the
same increase in power transmission [1]. In some cases, this is the only practical way to increase
the transmission capacity of a corridor. However, the benefits of the series compensation are
followed by number of challenges for the traditional protection philosophy (voltage and current
inversion, low frequency oscillations etc.). In this paper a new protection solution for heavily
loaded and heavily series compensated parallel lines is introduced. A POTT scheme, using
transient directional elements, is utilized to ensure secure and fast operation of distance
protection in a complex 525kV transmission corridor at BPA transmission system.

1. Introduction

The main BPA EHV transmission system is a 525kV system that covers the states of Oregon and
Washington with lines in western Montana and northern Idaho as well as with interconnects with
California and British Columbia, see Figure 1.

Figure 1: Indication of BPA 525kV Network in Western United States of America



The network conditions are complex since relays must operate reliably and securely for various
system conditions including terminals with weak sources, three terminal lines, parallel lines with
mutual coupling, series compensation, faults on parallel lines, resistive faults, sub-harmonic
oscillations from faults and switching events in series compensated systems, heavy loading,
cross-country faults, and system swings. The relays must also operate properly when parallel
lines are switched in and out and when series capacitors are bypassed and inserted. Ideally the
relays should operate in these various system conditions without the need to change setting
groups. In Figure 2 are shown the longer lines with distributed series compensation. Three lines
are in the same corridor and mutual coupling is significant. Two of the lines are three terminal
lines with tapped loads.
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Figure 2: A part of the BPA 525kV system

BPA uses high speed single pole tripping to increase line loading and remain within the stability
limits. Single pole operation of the line relays adds significantly to the complication of the
protective relays. The line differential was selected as the main protection, but it does not
provide backup protection for equipment at the remote terminals and it is also communications
dependent. For this reason, the distance relays operate in parallel to the line differential relays.
It is not a backup protection, the goal is to have it operate as fast as possible and provide
complete protection, but possibly a little slower, when the differential takes itself out of service.

The main challenge is that the distance protection is fast in its first zone, but this zone has limited
reach when series compensation is present. There are number of solutions to improve the first
zone reach [2-4], but in case of complex network configuration, such is in BPA, it is not possible
to achieve fast coverage of the whole protected line. In section 2 the main protection
requirements from BPA are discussed. In sections 3 and 4 are presented the main challenges for



the classical distance protection in BPA network and the proposed solution, respectively. In
section 5 are shown some of the cases from the evaluation process.

2. BPA protection requirements

The current BPA 525kV line protection consists of a protection IED that includes single pole line
differential protection operating in parallel with single pole phase distance protection. Protection
communication to the remote terminal is relay to relay. The IEDs are configured with three fiber
optic interfaces for communication to the remote terminals. Two of the interfaces have multi-
mode transceivers and are operated at 64kbps using the C37.94 protocol. They can be directly
connected to an optical interface card in a channel bank. The two multi-mode interfaces allow
the IED to operate on three terminal lines. The typical one-way delay of the communications
channels is about 1 cycle. The third communications module has single mode transceivers and is
setup for direct fiber communication to the remote terminal. The communications channels are
setup for the differential protection. Four ac current quantities and eight digital bits are sent to
the remote terminal. The digital bits are not used by the differential, so they are assigned as
communications aided tripping bits for the distance relay. This allows the IED to provide complete
protection on a single DS0 channel, which is the most common case in BPA.

The line differential relays were included in the protection scheme because they can have more
sensitive settings than phase distance relays. This gives the capability to operate single pole for
much greater levels of ground fault resistance. Line differential relays operate on local and
remote currents so all terminals, even terminals with weak sources, have the same operating
quantities. Therefore, all terminals trip at about the same time. Line differential relays also do
not have a problem with heavy line loads, series capacitors, three terminal lines, terminals with
weak sources, sub-harmonic oscillations, system swings, mutual coupling, faults on parallel lines,
and cross-country faults. A great advantage of line differential relays is they have fewer settings
and are much easier to set.

Line differential relays do have a couple of limitations that must be addressed. Differential relays
do not provide backup protection for equipment at the remote terminals. Also line differential
relays are communications dependent. The differential will automatically disable itself on loss of
time synchronization if a communications path switching event creates excessive asymmetrical
delays between the transmit path and the receive path. BPA always install redundant relays, but
loss of communication and loss of time synchronization can significantly impact the line
differential protection.

The distance relay provides primary protection for the line and it also provides backup tripping
for remote terminal equipment. The distance relays are set with standard time step distance
protection with instantaneous and inverse time ground overcurrent protection to provide backup
for the communications aided tripping functions. The distance relays do not need time
synchronization and they remain in service when there is a total loss of communication. Unless
the relay itself fails, the distance relay is never out of service, even during a communication



channel failure. Two redundant sets of distance relays are used on all 525kV transmission lines in
BPA.

3. The main challenges with distance protection in heavy loaded compensated networks

In simple network configurations the whole line coverage with a fast distance protection is
achieved by the acceleration of the second zone based on the remote end signal. In such case
both line terminals are tripping with the high speed. However, in case of distributed series
compensation with parallel lines and high load, the signals are disturbed, and the acceleration of
the second zone is not enough to comply with the speed requirements in BPA.

The most important challenges, which influence the operation of classical phasor-domain based
distance protection are voltage inversion, current inversion and low frequency transients. In this
paper, only the low frequency transients are considered in order to illustrate the need for a new
solution to satisfy BPA requirements.

Figure 3: Low frequency transients in series compensated networks that affect fault current
magnitudes

In Figure 3 are shown two examples of fault currents at the same line. The waveform shown in
broken-line represents the fault current when series compensation is not present. In that case
the fault current increases significantly, immediately after the fault inception. The phasor-based
distance protection detects the fault securely in a short time. But, when series compensation is
present the energy stored in the capacitors causes slow increase, or even decrease of the fault
current in the first period after the fault inception. Later, the current magnitude oscillates. This
phenomenon significantly increases the fault detection time, since the small fault current keeps
the fault impedance out of the tripping zone. In order to comply with BPA requirements a fast
fault detection under the heavily loaded series compensated lines was required.

With series comp.Without series comp.



4. Time-domain based solution

To ensure fast, reliable and secure tripping in all conditions in BPA network, a new, transient
based, directional element is developed and tested. The fault direction is determined based on
transient detection (TD), instead of phasor-based approach. The new TD element is used in a
permissive overreaching transfer trip (POTT) scheme to ensure the total line coverage under any
condition. It only requires binary communication with the remote terminal and as such is suitable
for the communication scheme available at BPA.

The TD element is based on old solutions [5, 6], where incremental quantities are used to
evaluate correctly the direction of fault components based on time-domain signals. The main
reason why this approach is not affected by the series capacitor is the fact that higher frequency
transients, generated at fault location, are propagating easily through the capacitor which is a
very low impedance for such components. The fault direction is determined in the first several
milliseconds after the fault inception which makes this scheme fast and suitable for the UHV
applications where the fundamental frequency signals are distorted.

The new TD element is based on the changes in voltage and current signals due to a fault. The
changes can be simply obtained by subtraction of the pre-fault voltage and current from the
measured fault quantities as shown in eq. (1) and (2):

Δ(ݐ)ݑ = ݑ (ݐ) − (ݐ)௉ݑ                    (1)
Δ݅(ݐ) = (ݐ)݅ − ݅௉(ݐ)                        (2)

where
· Δu(t) and Δi(t) are the changes of voltage and current due to the fault
· u(t) and i(t) are measured voltage and current the fault
· uP(t) and iP(t) are pre-fault voltage and pre-fault current.

When the power network is under stable operation, Δu(t) and Δi(t) are negligible. When a fault
occurs, Δu(t) and Δi(t) become visible due to the changes in electrical state of the power network.
According to the superposition principle, after a forward fault, Δu(t) and Δi(t) are opposite in sign.
While after a reverse fault, Δu(t) and Δi(t) are of equal sign.

By inserting a proper replica impedance ZR into the measurement path, a replica delta voltage
ΔuR(t), which is approximately proportional to Δi(t), is obtained by ΔuR(t)= Δi(t)*ZR. The replica
impedance is optimized to ensure secure and reliable fault detection. For a forward fault,
Δu(t)*ΔuR(t) is negative, while for a reverse fault, Δu(t)*ΔuR(t) is positive.



Through a simple waveform integration, the operating quantity is obtained by the following
function:

(ݐ)ܦܶ = ∫ (Δே
଴ (ݐ)ݑ ∗ Δݑோ(ݐ)) ∙ (3)                  ݐ݀

where N is the selected number of samples.

Therefore, the directionality is determined according to the polarities of TD(t) as below:

· forward - TD(t) is negative, (TD(t) < Th-)
· reverse - TD(t) is positive, (TD(t) > Th+),

where Th- and Th+ are the thresholds for negative and positive polarities of TD(t).

In Figure 4a is shown an example of the waveforms of the changes of voltage Δu(t) and the replica
delta voltage ΔuR(t). They are with the opposite signs which results in a negative value of the
operating quantity TD (Figure 4b). The fault direction is securely determined as “forward”.

Due to the transient nature, directionality decisions are required to be made after a short
duration when the phase-selection element has detected a fault. Once decision is made, it issues
a directional indication with pulses of duration at about 3-4 cycles.

Figure 4: Transient detection-based fault directional element, a) Δu(t) and the replica delta
voltage ΔuR(t) waveforms, b) the operating quantity TD value during a “forward” fault
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The transient element has a good sensitivity for the initial faults. In certain cases, for example, a
fault with extremely high fault resistance, where Δu(t) or Δi(t) are very low and transient
directional element is not active, the fundamental frequency component based directional
elements will be available after a certain delay.

The directionalities given by the transient directional element are suitable for the permissive
overreaching transfer trip (POTT) scheme. By cooperation with the remote end directionalities
through a directional comparison scheme, it can clear faults on 100% of the transmission lines.

5. Testing

The two main goals of the testing were to improve the operating speed of the distance elements
and to improve the speed of the relay’s internal logic. The main expectation was to achieve the
operating times of the new distance elements in the ½ cycle range or less. The in-service relays
have distance element pickup times of about 1 cycle and greater. The problem that was noticed
is one terminal may operate in the one cycle range, which is good, but depending on the fault
location the remote terminal distance elements in many cases are much slower, which slows
down the sending of the permissive signal. Permissive tripping is significantly delayed up to 40
ms in some cases. If both terminals operated consistently in one cycle that would be acceptable
but having one terminal operate much slower for some faults is not desirable.

The transient detectors and the distance elements operate using different technologies. The
distance elements are under impedance detectors while the transient detectors operate on
voltage and current changes (delta I and delta V). Extensive testing was required to confirm that
both technologies work properly, the settings are correct, and there are no abnormal operations
for any of the applied faults.

The transmission lines within BPA’s control area that were selected for testing were the Grizzly-
Ponderosa-Captain Jack Line, Grizzly-Malin Line and the Grizzly-Ponderosa-Summer Lake Line
(Figure 2). These lines encompass many of the protective challenges identified. They consist of
long parallel lines, long intertie lines, they are heavily compensated and can have heavy load
flows in both directions depending on the time of the year. The Grizzly-Captain Jack Line is tapped
at Ponderosa, is approximately 174 miles long, requires single pole tripping, can be 82% series
compensated with capacitors located throughout the line and is parallel to the Grizzly-Malin and
the Grizzly-Sumer Lake Lines. The Grizzly-Malin Line shares the same attributes as the Grizzly-
Captain Jack Line except that is not tapped anywhere and it is slightly longer at 178 miles. The
Grizzly-Summer Lake Line is shorter at 103 miles, is tapped at Ponderosa, and can be 98%
compensated.

All combinations of faults are run (AG, BG, CG, AB, ABG, AC, ACG, BC, BCG, ABC), internal faults
are run near each terminal and mid-line, external faults are run at each bus and at several
locations on parallel lines. Faults are run at various load levels, particularly in series compensated
systems where under heavy loading all series compensation will be in service while at lighter load
levels some or all of the series capacitors may be bypassed. The faults with increasing ground



resistance are run as well. Relay response to cross country faults is tested by faulting a phase on
one line to a different phase on a parallel line.

Adjacent lines on the buses are series compensated. Being on the pacific AC intertie, the line is
used to transfer heavy loads and requires a high degree of security from the relay’s performance.
False trip operations on this line could cause severe instability problems for the overall system.

In Figure 5 is shown the performance of the proposed transient based directional element. A
phase to ground fault was located near the Grizzly 525kV busbar from Figure 2, at the line
towards the Summer Lake. The relay was located at the Summer Lake side, so the fault was seen
through the series capacitors during the high load level. In Figure 5 is shown that the phase
voltage drops after the fault inception, which was expected. But, due to the impact of capacitors,
a low frequency transient occurs, and the fault current drops after the fault inception. The
current magnitude remains lower than the pre-fault current for about 25ms. In such case the
classical protection is not able to comply with the speed requirements from BPA. The fast fault
detection is achieved by the POTT scheme and the transient based directional element which
securely detected the fault in 6 ms (Figure 5c).

Figure 5: AG fault near the Grizzly busbar seen from the Summer Lake side, a) voltage
waveform, b) current waveform, c) TD directional detection

The distance relay uses 7 of the 8 available digital bits. The first bit is the backup three pole direct
trip bit. Multi-phase faults and backup trips, such as time delayed tripping or reclosing into a
fault, trip the terminal three phase, block reclosing, and send a signal to the remedial action
scheme. Digital bit 1 sends that backup trip signal to the remote terminal to trip the remote
terminal three pole, block reclosing, and key RAS. The next three digital bits send single pole
direct trip signals to the remote terminal. These bits speed up single pole tripping at weak
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terminals when the relays at the remote terminal may not detect the fault. Echo back is enabled
in the permissive logic, but due to setting difficulties under voltage tripping at the remote
terminal is no longer used. Single pole direct tripping is used instead. The last three bits 5, 6, and
7 are single phase permissive bits. The distance relay is set up to operate with phase segregated
permissive tripping where each phase sends a permissive signal to the corresponding phase at
the remote terminal.

The final configuration of the test relays performed correctly for all faults and the operating times
for distance elements and the permissive logic were improved.

Conclusions

In this paper protection of a complex 525kV transmission corridor comprising long, heavily loaded
and heavily series compensated parallel lines was considered. One of the challenges was to
achieve fast tripping time for the whole protected line, despite intensive low frequency
oscillations that slow down the classical phasor-based distance protection. A new, transient-
detection based directional element is developed to be used as a part of a POTT scheme. After
extensive testing, the proposed solution was proven as fast, dependable and secure solution for
complex high voltage transmission lines.
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