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Abstract— During the last few years, numerous theoretical
papers have been written about the potential advantages of
applying sub-cycle line distance protection using travelling-
wave and superimposed components. As this technology is
new, information on its deployment to the field is limited.

This paper provides an overview of traveling-wave and
superimposed-component distance protection and discusses a
trial project of the technology on the Salt River Project System.
Project goals, initial considerations, site selection, design,
setting considerations, installation, testing, commissioning, and
initial field experience will be discussed.
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I. INTRODUCTION

Traditional line protection incorporates elements in the
phasor domain. As phasor-based line protection utilizes a full
cycle of data and is subject to CT accuracy limitations, operating
speed and fault location accuracy is limited.

However, new advances in protective relay technology have
facilitated the introduction of relays that operate in the time
domain. By detecting and time stamping the arrival of traveling
waves at each terminal, these devices employ peer to peer
communication to make trip decisions and calculate fault
location. Since these new devices are free of the inherent delay
of phasor-based relay algorithms and accuracy limitations of
traditional fault current measurement, trip times less than
1.5msec and fault location to within one structure have been
observed.

In order to evaluate this new technology, Salt River Project
selected a line location to install and monitor this new
technology on a trial basis.

Il. SITE SELECTION

Of course, the desire during testing of any new system is
have a maximum number of all possible types of operations
during the trial period. SRP chose to deploy the new technology
for this evaluation is an 8.49 mile overhead 69-kilovolt sub-
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transmission line between the Dinosaur and Micromill One
substations southeast of the Phoenix, AZ metropolitan area.
Located in an area of undeveloped desert landscape, this line
experiences persistent wildlife activity and the lack of
surrounding structures increases the exposure to seasonal
thunderstorm activity.

Equally important, however, was choosing a transmission
line constructed with optical ground wire (OPGW). Taking
advantage of differential protection in the time domain requires
a direct fiber link between relays to achieve communication data
rates that approach the speed of light, which is a common basis
for measuring traveling wave velocities. OPGW is available in
the SRP service territory; however, the allocation of this medium
is dominated by business purposes other than system protection.
Therefore, acquiring a second pair of these fibers to use between
the two ends of the line, beyond the existing multiplexed pair
that already carries all other station-to-station traffic required
additional justification and approval.
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Fig. 1. Time domain relay installation, single line diagram

I11. DESIGN AND INSTALLATION

This trial relaying was designed systematically to operate in
parallel with the line’s existing phasor-based protection as
shown in Fig. 1 (11TD — time domain relays). This will allow
for direct comparison with the behavior of the devices already
deployed (87L - a pair of multi-function differential relays using
multiplexed communications, and 21L — local impedance-based
distance relays) during post-event analysis. Since this
installation is for testing purposes, the time domain relay trip
outputs were not connected to the circuit breakers’ trip circuitry.
Not only does this prevent any unexpected operations from



disturbing an in-service line, but also allows for settings changes
to be made remotely without the need for test permitting or local
device isolation.

Using a short circuit program, a system-equivalent model
was created for the protected line. There were six elements that
were evaluated closely in order to allow for optimal protection
testing and fault locating. The first two, which were the phase
and ground overcurrent supervision thresholds that were
calculated by simulating different types of faults at the remote-
end bus. These values were coordinated to be between the lowest
possible fault and the maximum possible load expected on this
transmission line. These elements establish a threshold to
supervise the traveling wave relay elements to prevent mis-
operation during non-fault related system events.

The next two settings scrutinized were the forward- and
reverse-directional elements. These additional impedance
thresholds will supervise the line distance and differential
elements within the 11TD. Again, using the aforementioned
system-equivalent model, the forward setting was calculated as
30% of the minimum positive-sequence impedance behind the
local bus. The reverse setting was then simply calculated as 30%
of the protected line’s positive-sequence impedance. These
calculations will provide torque control with conservative safety
margin for any system calculation errors.

The incremental distance element zone setpoints were set
based on our utility’s standard convention. Accounting for
maximum expected instrument transformer and line modeling
errors, 80% for phase and 70% for ground faults. Although the
source impedance ratio (SIR) at each end of the line was not used
to determine the reach settings, it was calculated here for
informational purposes. Based on classic SIR calculations, the
line appears long from the transmission station end of Dinosaur
Substation (SIR < 0.5) but is medium length from the
distribution bus at the Micromill One Substation (0.5 < SIR < 4).
This will ultimately affect the operating time of the time domain
distance function, but with both being relatively small, the relay
is expected to operate faster.

The final two settings discussed here have to do with line
propagation velocity. Fault location using traveling waves
(TWs) is determined by the equation:

Fault Distance = 0.5 * [LL + (tjpcar — tremote) * Vp] (1)

where LL is the total line length, tieca is the time the TW
arrives at the local end, tremote is the time the TW arrives at the
remote end, and v, is the propagation velocity. The static values
that can be programmed into the device are the LL (already
known) and the v, (to be determined, experimentally).
Additionally, at each end of the line current transformers will
translate the TW signal entering secondary cabling before finally
arriving at the 11TD relay. This cabling is assigned a fractional
value of the speed of light based on its physical attributes,
representing the additional delay the TWs will be subjected to.
Seemingly minor, this setting can account for substantial errors
in fault location.

Once device installation was completed, a power system
switching procedure was followed to allow the capturing of a
high-speed traveling wave event that could be analyzed to

determine the subject line’s specific vp. Initially assuming that it
would be equivalent to 98% of the speed of light allowed for a
calculated estimate of the anticipated time difference between
the TW sent from closing one end of the line (tlica) and the
reflection received from the open opposite end of the line
(t210car). Manipulating (1) provided:

2*LL
t210ca1 = tliocar = 0.98C (2

where ¢ is the speed of light. The resulting value for our 8.49
mile line was 93ps, which is close to the time difference between
the negative TW ‘launching’ peak and the positive TW
‘reflection’ peak seen in the Bewley diagram in Fig. 2. Utilizing
the actual time difference found experimentally and substituting
it into (3) provided a final value for vp.
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Fig. 2. Bewley’s lattice diagram of propagation test results

It is interesting to note the polarities of the traveling waves
launched by each phase of the breaker closing, as seen in Fig. 3.
A positive voltage waveform will result in a current signal’s TW
having a positive polarity, and likewise a negative voltage
waveform will result in a negative-polarity TW. The reflection
of the TW off the open end of the line results in a perfect
inversion, due to its “infinite” impedance. Similarly, a
transformer located at the end of the line, which would have a
higher characteristic impedance than the transmission line,
would have also inverted the reflected TW. However, a line tap
produces a minor reflection of the same polarity (not inverted)
due to the parallel impedance reducing the line’s effective
characteristic impedance. Although there is a line tap along the
subject line, the reflections from it were not significant enough
to decipher from the energizing event captured.

In all cases, the reflection coefficient seen at the end device can
be expressed as in (4).

= Zoeff —Zo 4)
ZO,eff + Zy
where Zo s the effective characteristic of the object connected
to the line causing the TW reflection, and Z is the characteristic
of the subject line itself.
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Fig. 3. Time domain plot of propagation time test

IV. TESTING

Onsite field testing was desired and undertaken to establish
in zone fault detection performance, out of zone fault
descrimination, and operation of the backup time domain
distance protection. Specialized end to end testing was selected
as the test method.

Of course, testing relays operating in the time domain
presents a number of challenges: First, since testing without
disturbing relay settings was desired, realistic traveling waves
and 60 hz components must be applied to both relays
simultaneously. Second, when transitioning from prefault
conditions to fault conditions, source impedance must remain
constant. Third, test signal injection timing at the local and
remote ends must be extraordianarily precise, as each 1 nsec of
timing errror results in a fault location error of roughly 1 foot.
Finally, the simulated traveling waves must possess suitable
rise times and amplitudes in order to pass through the relay’s
traveling wave filter.

A. Test software, hardware and connections:

The protected line was modeled in the test software by
graphically describing the system under test (fig. 4) then
imputing system voltage, system frequency, line impedances,
source impedances, line length, CT polarity, and travelling
wave propogation time.
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Fig. 4. System model for commissioning test

From this infomation, the test software calcuates traditional
60hz test quantities and traveling wave pulse polarity and
injection time for each desired test case. The desired
commissioning test cases included in-zone phase to phase, and
phase to neutral faults, out of zone phase to phase and phase to
neutral faults.

At each end of the line, a test set and travelling wave injection
hardware was connected to the relay test switches via standard
test switch adapters. A standard relay test set provided test
currents and voltages in the power frequency range. An
accessory device was used to generate currnet and voltage
channel traveling waves. The accesory device currents where
connected in parallel with the relay test set currents providing a
test input equal to the sum of the 60Hz and traveling wave test
signals. The voltage signals form the relay test set were
connected in series with the traveling wave accesory voltage
signals, providing a sgnal equal to the sum power frequency and
traveling wave voltages. Relay operations were measured by
monitoring the relay output contacts with teh relay test set. A
separate IEEE 1588 grand master clock provided time
synchronization for the local and remote test sets.

Communication of test case parameters and time
synchronization instrucitons beteen the the local and remote
terminals were conducted via 4g cellular modem. It should be
noted that since the actual timing of the test signals is
synchromized by a GPS at each end of the line, communication
speed of test parameters is not critical.

Once the test equipment was installed, communication and
connections were verified by simulating normal line load flow
and verifying the relay metering agains the programmed inputs.

B. Fault simulation of the traveling wave differential:

In order for the traveling wave diferential element to operate
during testing, several conditions have to be met:
1. The relay communication channel and GPS
clocks are healthy
2. Protection is armed by simulating a normally
energized line with no loss of potential, open pole,
normal frequency, and no existing fault
3. Atsimulated fault inception, incremental quantity
overcurrent supervision condition is met by
accurately simulating fault conditions in the
power frequency range
4. Current traveling waves meeting the waveshape
criteria of the travelling wave filter are recieved at
both ends within the programmed propogation
time

1) Results:

To test the operation of the installation, B-C-N, C-A-N, A-B-
C-N, and C-A faults were simulated at various points on the
protected line. The the traveling wave differential protection
operated in all cases. Traveling wave element trip times ranged
from 1.0msec to 2.3msec. Fault location error, measured by



comparing the simulated fault position and the reported fault
location by the relay, was less than 20 meters in all test cases.

To test selectivity, faults were also simulated on the adjacent
buses. This simulation results in the current traveling waves
sent to the relay adjactent to the fault and the relay on the
opposite side of the line to have opposite polarities due to
conencted CT polarization. The resultant restraint quantity
would be large and the operate quantity would be small,
resulting in no traveling wave differential element operation.
As there are no parallel lines in this application, this would be
sufficient to block the traveling wave differential. Note that
additional supervisory logic is implemented for applications
with paralell lines.

Tests simulating faults on either bus adacent to the line
resulted in no traveling wave differntial element operations.

C. Fault simulation of the incremental quantity distance
element:
In order to test the operation of the traveling wave diferential
element, several conditions have to be met:
1. Test signals must be consistent with line and
system impedances
2. Protection is armed by simulating a normally
energized line with no loss of potential, open pole,
normal frequency, and no existing fault
3. Incremental quantity overcurrent supervision
condition met by accurately simulating fault
conditions in the power frequency range
4. Traveling wave protection blocked
5. Simulated fault impedance is inside the zone 1
reach setting

1) Procedure and Results

As the traveling wave differential is substantially faster than the
incremental distance, the traveling wave differential must be
blocked to test the incremental distance element. This was
acomplished by changing the fault inception angle to the
positive zero crossing, which results in no traveling waves
generated by the simulation. The incremental element was
tested with simulated phase to neutral and phase to phase faults
around the programmed reach settings, 0.8pu and 0.7pu
respectively. The incremental distance protection operated in
2.9 to 4.2 milliseconds. As with other types of distance
protection, some under-reaching was noted with higher source
impdance ratios.

V. REAL WORLD EXPERIENCE

The Dinosaur-Queen Creek-Micromill One transmission line
experienced a C-phase to ground fault in July 2018. The event
was caused by multiple foil balloons bridging the C-phase
insulator and the pole ground conductor. Field crews confirmed
evidence of arcing at both of these locations on the transmission
structure when the line was physically inspected later (see Fig.

5). This structure is located approximately 6.45 miles from the
Dinosaur Substation end of the line.
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Fig. 5. Actual line fault (07/18)

The 11TD relay record correctly indicated a C-phase-to-
ground fault for this incident. The travelling wave fault locating
feature calculated distance of 6.47 miles from Dinosaur
Substation. When compared to the actual location reported by
crews, the relay’s number was within 100 feet of the actual
event. Futhermore, closer, manual examination of the
waveforms captured within a Bewley’s lattice diagram, provided
a marginally closer distance yet, as seen in Fig. 6.

Fig. 6. Bewley’s lattice diagram from 07/18 relay fault record

In addition to reviewing the 11TD records, engineering
personnel also extracted records from the paralleled tripping
relays. The line differential relay (87L) reported a fault distance
of 5.95 miles, based on its traditional impedance-based
calculations. Although we are dealing with a short line, this still
represents a difference of eight transmission structures between
the reported and the actual fault location. This clearly
demonstrated the 11TD device’s superior fault locating
capabilities.

The 11TD and 87L operating speeds were also compared for
the event. Traveling wave directional fault detection in the 11TD
relay occurred in under 0.1 milliseconds, with the incremental-
quantity directional element picking up in under 1.5
milliseconds. The operating speed of the 11TD relay was
measured at approximately 0.9 milliseconds on the Micromill
One end (which was less than a third of the distance to the fault
location, at 2.04 miles), and 2.1 milliseconds on the Dinosaur



end. As seen in Fig. 7, these times are calculated between the
traveling wave disturbance detector and trip output assertion.
The incremental-quantity distance elements were slower, and
did not operate for this fault.
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Fig. 7. Sequence of events plot for 7-18 fault

In contrast, the phasor-based 87L relay had considerably
longer operating times. Zero- and negative-sequence directional
elements picked up in just under 9 milliseconds. The overall
operating speed of the relay was again determined between its
disturbance detection and the first trip output assertion. In this
case, the impedance-based protection narrowly beat the
differential, on the Micromill One end (which was within the
instantaneous Zone 1 ground operating region, set to 70% of the
line impedance), operating in under 15 milliseconds, as seen in
Fig. 8. The Dinosaur end called for a differential trip in under 18
milliseconds, which would finally complete the line clearing.
Therefore, the 11TD dominated its relaying predecessor with
significantly higher operating speeds, clocking in at 1/8" of a
power system cycle for total line tripping. The 87L allowed more
than a cycle to elapse before calling for both ends to open.
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Fig. 8. Sequence of events plot #2 for 7-18 fault

V1. CONCLUSION

In this application, the traveling wave line differential relay
has offered increased tripping speed and substantially more
accurate fault location.
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