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Abstract—This work presents an experimental test bench, techniques work on the time domain, i.e., do not require @has
with the purpose of to enable the generation and measurement estimation. According to [3], the protection operation eimf
of traveling waves in order to support the developing and he raditional frequency domain techniques is about one to
evaluation of detection, localization, and protection metods d-a-half | due to the filteri e
based on traveling waves for educational and research goals ON€-and-a-hait power cyclies, due 1o the nitering necessary
The experimental test bench was performed by means of a Phasor measurement, whereas a mean operating time of 2.5
real cable, which ensures the wave propagation, voltages dn ms was reported for a transmission line protection techaiqu
currents transducers, impedances, and an oscilloscope fatata pased on traveling waves [5]. Traditional frequency domain
acquisition. The traveling waves were generated by means o645 for fault location present accuracy of 0.5 to 2% [4].
of manually controlled fault switchings. Difficulties in the For inst f 300 km | ¢ ission i
measurements of high-frequency transients are discussednd or Instance, for a m_ ong ransm|SS|or_1 In€, an error
solutions presented. The evaluations were performed ofide. Of 1% represents 6 km, which means a section of about 20
The results are compatible with the traveling waves theory tower spans to be patrolled. On the other hand, methods based
and o!emonstrate the feasibility of evaluating methods baseon gn traveling waves can perform the accuracy of a tower span
traveling waves by means of the presented assembly. (about 300 m) [4]

Keywords—Experimental test bench, traveling waves, fault The field evaluation of the methods based on traveling
location, transmission line protection, fault detection. waves for transmission lines is an important evaluatiop ste
since simulation evaluations represent the field envirortime
with limitations. However, this is not a simple task since
S ] the access to the transmission system is highly restricted.

The transmission line is an important component of thenerepy, the performance evaluation of these methods is
power system since it connects the load centers to the powgfmally limited to computational and Hardware-in-thespo
plants. This connection is performed through long distancgiL) digital real-time simulations. In this way, experimtal
thus the transmission line is exposed to weather conditiofest henches would be a quite relevant step for the evatuatio
and vandalism, which may explain the high fault incidencgr these methods, within certain limitations, which could
in the transmission system. According to [1], 50% of thge performed after the digital simulations and before a
faults on the power system occur on the overhead transmissa|d evaluation. In addition, experimental test benchasid:o
lines. Therefore, a fast transmission line protection apen  sypport the demonstration of the traveling wave principais
stability margin [2]. Furthermore, an accurate fault lawat anqg didactic way for both educational and research purposes
technique can improve the power system availability sifice i several works based on traveling waves have been
helps ground patrols to identify damages on the transmmissigroposed over the years. Most of them propose fault location
line and to reestablish it. _ ~ techniques and, recently, the attention has been focused on

Several studies have been developed in order to Impraw transmission line protection. The majority of these kgor
the transmission line protection speed and the fault lonatiperform computational simulations for the method evatreti
accuracy [3], [4]. Methods based on traveling waves hayg)_[12]. Digital real-time simulations were performed in
the potential for being the fastest and most accurate far3). |n [5], the evaluations were performed by means
transmission line protection and fault location. These ney¢ HiL digital real-time simulations. In [14], voltages and

. . . . _ currents were simulated by an Electromagnetic Transients
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I. INTRODUCTION




components are detailed described. The methodology fitr fau A, Fault Location Estimation

applications is demonstrated, as well as difficulties in the the fault Iocation can be estimated by the detection of the
measurements of high-frequency transients were discusged \yavefront arrival time at both line terminals, which is
and solutions presented. In addition, fault parameterh 88C jone by communication techniques and data synchronization

resistance and inception angle may be variated, which is ffveen both line terminals. Traditionally, the fault looa
possible in field evaluations. The results demonstratettiet octimation based on traveling waves using two terminals is
experimental test bench provides traveling wave phenomenaiven by

which are able to be used for developing and assess traveling dp = 0.5[1 + (tr1 — tro)0] 1)
wave-based methods. ' ’
wherew is the wave velocity. However, due to the sampling

[I. GENERAL IDEA OF THEMETHODSBASED ON process,trp; and tgpo are unknown and the fault location
TRAVELING WAVES estimation is given by
When a fault takes place on the transmission line, kpy — kpo
high-frequency electromagnetic transients on the votiayel dp =0.5 {l + (T) ] 2

currents propagates from the fault point toward the line
terminals, as traveling waves. When a wave reaches a line
terminal, information can be measured from the traveling
wave, such as the wave polarity and its arrival time at the Fig. 2 depicts the complete experimental test bench for
terminal. This information can provide several estimagifor traveling wave evaluations. The assembly is composed by:
the fault conditions as, for instance, the fault locatiod s @ 127 V single-phase generation source provided by the
directionality. The complete theory of the traveling wawnc €lectric grid ¢s); a 1 km long four-wire polypropylene-type
be found in [17]. flexible copper cable (PP cable), with transversal sectibn o
Fig. 1 depicts the lattice diagram for a fault on thd mn¥; a 100 load impedance 4.); a 33.33Q fault
transmission line distanced- from bus 1 and — dr from impedance Zr); a push button for fault switching; an access
bus 2, wherd is the line length. The voltages and currentgoint in the PP cable for fault applications; an oscilloszop
are measured on buses 1 and 2 by IEDs (Intelligent Electrof@ data acquisition; transducers for voltages and cusrent
Devices), with a fixed sampling frequencfg). The fault takes measurement.
place on the transmission line in the fault inception tirme) (
At this instant, traveling waves propagate from the faulhpo
toward the line terminals with a velocity close to the spegd o ; Voltage
light. Due to the sampling process, the continuous wavéfron p— ] transducer
arrival times on buses 1 and 2+ andtg5) are unknown and - =N/,

IIl. EXPERIMENTAL SETUP

Load resistance

Generation source

replaced by the discrete wavefront arrival timés(/ fs and trgrlllsrcrliléter = Fault switching
kra/fs), wherekr; andkpo are the number of the samples. ; =) Data acquisition
Bus | / Bus 2 Fault resistance "

»l
»

[-dp q

\ Fault @ Transmission line T W - E"im
; |
" ;

T
Aveli, W,
avea

Lo

Fig. 2. Complete experimental test bench.

k/)
Discrete wavefront 24

- Fig. 3 depicts the equivalent circuit for the complete

experimental test bench. One of the four wires connects
the single-phase source of the electric glid to the load
Fig. 1. Lattice diagram for a fault distaaty from bus 1 and — dp from impedanceZy,, i.e., bus 1 to bus 2. The load impedance is
bus 2. connected to the ground of the source by means another wire.
This connection is necessary in order to avoid that tratsien
Methods based on traveling waves usually require thl® bus 1 reach bus 2 immediately, or the opposite. Therefore,
discrete wavefront arrival times on one or both line terdfgnatwo wires of the four-wire PP cable are used in assembly
The polarity of the traveling waves may also be usetbench. There are three points for voltage measurements, one
This information are used for protection, location and ffauin bus 1, one in bus 2, and one between the fault switch and
classification purposes. the fault impedance. Current measurement is positioneldein t

Time (s) Time (s)



bus 1 in order to measure the source current. The fault durren Traveling waves

is limited by the fault impedance in order to avoid overloagi « M~ _r——
of wires. The PP cable presents a grounded electromagnet'igusl . a . [-dp W\ Bus?2
shielding, which reduces the noise and facilitates theetiay l J"_
waves detection. @ @ = Fault = @
[Current measurementJ [Voltage measurement 0 5 = 0Zr ZL
Bus 1 Bus 2 <« M~ N
L S = L L
@ ~ i - o -
Tap for fault I 7 Ple T >
- 7 application - F i
)% T ZL
Transmission line Fig. 4. Traveling wave propagation due to the push buttondiri
T I I
Grounded is common for both buses, whereas in a real transmission line
electromagnetic shielding there is no common connection between the line terminals.
) ) o _ Therefore, transients coming from the uniform earth-metur
Fig. 3. Equivalent circuit for the complete experimentattbench. path are not avoided and certainly interfere in the transduc

measurement. However, they do not arrive at the line tersiina

The objective of this experimental test bench is not teefore the expected traveling waves. In addition, in an
emulate a real transmission line, but to enable the geoeratictual transmission line, inhomogeneities in the grougdin
and measurement of the traveling waves in order to supptsistance along the system yield variation in the transions
the developing and evaluation of detection, localizatiang line parameters [10], which do not occur by adopting a
protection methods based on traveling waves. Thereformiform earth-return path. However, inhomogeneities ia th
the PP cable could be wound on a reel in order to raig@nsmission line can be emulated by connecting in seres li
the capacitance and inductance. Thereby, the wave velogitigh different electrical parameters [10].
propagation could be reduced in order to compensate thé shor

length of the cable. Traveling waves
The following subsections describe in detail eachpgy,| “ ' —» <« V3 <« M~ Bu2
component and strategy for the experimental test bench. @ 5 I Fault I @
A. Fault Applications = =
O 7]
Careful measurement of the cable length must be performed ~ UZr L
since imprecisions on cable length estimation may yield
to inaccurate fault location estimation [13] and protegtio = L =

misoperation [5] to methods based on traveling waves. Two _ . L
. N Fig. 5. Traveling wave propagation due to the push buttongjrivithout the
wires of the PP cable are used for fault applications, eagﬁ/er line.
one with 1 km long. It was implemented 99 access points
from 10 to 990 m, with 10 m step, in each wire, which allow B. Transducers

fault applications along the entire line. The fault apptita  Three voltage and one current transducers are used in the
is manually controlled by means of a push button, whiclperiment. The voltages are measured at buses 1 and 2 in
connects the wires through an impedance. order to detect the arrival time of the traveling waves at
When the push button is fired, a singularity occurs in th@ie |ine terminals. A voltage measurement is also performed
fault point, generating traveling waves that propagatesitd petween the fault switch and the fault impedance, thus the
the line terminals, as depicted by Fig. 4. The traveling 8aveyy|t inception time may be detected. The source current at
are simultaneously generated in upper and lower lines apgs 1 is measured in order to trigger the data storage by the
traveldp to reach bus 1, antl- dr to reach bus 2. Switching oscilloscope since its memory is limited. Therefore, only a
transients may precede the wave arrival, which may interfesmaj| quantity of samples after and before the fault incepti
with the correct traveling wave arrival time detection. $&e time are stored in the internal oscilloscope memory.
transients can be identified by its low amplitude and opposit The voltage transducer used in the experiment is the
polarity when compared with the traveling waves. All th@\gilent N2894A probe with 700 MHz bandwidth. The current
evaluated fault cases in the results were visually inspeicte transducer used is the Keysight 1146B probe with 100 kHz
order to discard the ones where switching transients ettedf pandwidth. Due to the better frequency response of thegelta

the correct traveling wave arrival time detection. transducer, the traveling wave detections are only perdrm
Without the lower line, the transients generated on thet fayh the voltages.

point would reach buses 1 and 2 instantaneously, as depicted o

by Fig. 5 since the distance between the common ground C. Data Acquisition

and the line terminals would be irrelevant. This strategy is The oscilloscope used on the experimental test bench for
important for an experimental test bench because the grouwdata acquisition presents a 200 MHz bandwidth, a maximum



sampling frequency of 5 GSal/s, and a maximum memory depth -60
of 4 Mpts. It has four analogical channels, which are all used
for voltage and current measurements.

The channel-to-channel isolation of the oscilloscope is _jgg | {Fim wavefront arrival
equal or greater than 40 dB from DC to maximum specified. e gne |
bandwidth, which is 200 MHz. However, it was observed in thg -120 | Voltage at the

First wavefront arrival
time at bus 2

se Sampling

acquired oscillographs that, to sampling frequency grebgn 2 140 Fault Location Voltage at
5 MHz, the channel-to-channel isolation may not be suitabE Y A Bus 2

for high-frequency transients. 160

The oscilloscope provides a standard USB 2.0 connectivity.
Therefore, the acquired data may be transferred to a PC-180
for offline evaluations. The waveforms can be exported as

time
200 1 1 1 1 1

XY_ data p_airs in a comma-sepa_rat(_ed values format (*.csv) = 1 2 3 04 05 6 7 é '9 1'0
which facilitates the data analysis in the Matlab software,
for instance. The data exportation through the USB port is
limited to about 60000 points when the four channels are.us&@. 6. Oscillograph for a fault distant 300 meters from bl a sampling
Therefore, it is important to define correctly the lengthtfoe ~ frequency of 5 MHz.

horizontal axis before the data exportation, in order tooexp ) ,
all the sampled points. 4 ms. After 1 ms, no evidence of the fault can be perceived

since the voltage level is reestablished. However, theiagi

of the traveling wave on the bus 1 is responsible for the fast

_ ) _ ) transient in the voltage at 4 ms. Fig. 7(b) depicts a similar
As aforementioned, the main purpose of this experimenighgyiarity on bus 2, at about 4 ms, which indicates the iagiv

test bench is not to emulate an actual transmission linegsinys the traveling wave. Since bus 2 is not directly connected t

there are limitations such as: a power source, a voltage sag is evident after the fast gansi
o ldeal time synchronization between the line terminals,

since the proposed experimental setup uses only an 100 r
oscilloscope for measurements. S 0
o The used current transducers in this experimental tegf
bench did not present saturation for any evaluate§ -100
situation. However, the operation of the method based én
traveling waves is expected to occur prior to the saturation 2 (a)
of the current transformer [12], [14]. : i
« The steady-state and fault currents must be limited to 100 r [F”St Wa"efr‘gm azm"al (
the PP cable tolerances in order to avoid damages to the [ fime a{ Jus
system. Therefore, fault resistance and load impedange
variations must respect their limits. In addition, nog -100
time-varying arc was reproduced. - 200 ! ! ! s ! ! ! ! ! |
o The presented experimental test bench canonlybeused o 1 2 3 4 5 6 7 8 9 10
in order to evaluate two-terminal traveling-wave-based Time (ms)
schemes since further validations must be performed (b)
regarding wave polarity and reflections.

Time (ps)

IV. LIMITATIONS OF THE EXPERIMENTAL TESTBENCH

First wavefront arrival J [

time at bus 1 Voltage on Bus 1

Voltage on Bus 2 }

Fig. 7. \oltage signal for a fault distanced of 300 metersrfious 1, on: (a)
bus 1; (b) bus 2.
V. RESULTS
By means of repeated attempts and visual inspections, the A. Channel-to-Channel Isolation Failure
faults were applied with inception angle about’d6 order Fig. 8 depicts the oscillograph for a fault on 300 meters
to provide a high incidence of electromagnetic transients afrom bus 1, considering a sampling frequency of 10 MHz.
facilitate the traveling wave detections. Artificial transients can be detected on buses 1 and 2 in the
Fig. 6 depicts the voltages on buses 1 and 2, and on taelt inception time, due to a channel-to-channel isofatio
fault location, for a fault on 300 meters from the bus 1 anfilure. The wavefront arrival times of the traveling waves
700 meters from the bus 2, considering a sampling frequermy buses 1 and 2 may be incorrectly detected, due to these
equal to 5 MHz. Transients can be seen on the voltages at tlnelesired transients. How greater the sampling frequency,
line terminals some samples after the fault inception tifie2  greater the probability for the channel-to-channel isofat
first wavefront arrival times at buses 1 and 2 are differemt, failure. However, these simultaneous fast deformations on
accordance with the traveling waves theory. the signals can be easily discarded automatically from an
Fig. 7 depicts the voltages on buses 1 and 2 for the sawoffline analysis performed. Moreover, by adopting sampling
fault depicted in Fig. 6, but with a 10 ms window. Fig. 7(ajrequencies equal to or smaller than 5 MHz, this failure atmo
depicts an evident singularity on the voltage on bus 1, atiebamever occurs.
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B. Wavefront Arrival Time > i
The wave velocity was estimated stat!st!cally by means of asol ] Fault inception || [+ Sampling
several measurements of the cable transit time for thelingve time

waves. The cable transit time was measured by detecting-200 '
1 2 3 4 5 6 7 8 9 10

the instant wherein the traveling wave reaches bus 1 due to i
switching on bus 2. As the voltage on bus 2 is measured, Tlmz(”S)

the switching instant is known. Therefore, by knowing the ®)

difference between the instants on both buses, and kHOWH?& 9. Wavefront arrival time for a fault distant 300 meté@m bus 1 and
the cable length, the wave velocity can be estimated. Th®ampling frequency of 5 MHz, with measurement on: (a) bu®)lbus 2.
traveling wave velocity was estimated as 1.4286 km/s or
v = 0.4762, wherec is equal to the speed of light. A similar

method.for 'Fhe wave velocity estimation was reported def'esampIing frequency of 10 kHz could emulate the effects of a
application in [15].

Fig. 9 depicts the wavefront arrival times on buses 1 andS mpling frequency equal to 20 kHz. The method proposed in

for a fault distant 300 meters from bus 1 and 700 meters fro[m] was evaluated with a sampling frequency of 20 kHz.

bus 2. According to the voltage at the fault location, thdtfau A simple technique for detecting the traveling waves is to
o N computex(k) — xz(k — N), wherez(k) is the present voltage
took place on the cable at 2,&. Considering that = 1.4286 . . . .
o . ; : or current signal amplitude and(k — N) is the amplitude
km/s, it is estimated that the first traveling wave takesxs1 . .
; : f the same signal one wave cycle before. Therefore, in the
to reach bus 1, and 4,85 to reach bus 2. Fig. 9(a) depicts tha ; o
: : . “steady-state regime;(k) — x(k — N) is ideally zero, but
the traveling wave reached bus 1.8 after the fault inception . i .
. : L ) ifferent from zero when a variation on the signal occurs.
time, which means that the estimation missed by half samp

. , T . BY using this technique, it is possible to detect the wawfro
Fig. 9(b) depicts that the error on the estimation for the m%rrival time whether a threshold is exceeded. Fig. 10 depict

wavefront arrival time at bus 2 was of half sample since tf}ﬁe signals resulting from the application of this techwidu

travelmg wave too_k 4.8is .to reach bus 2. the voltages at buses 1 and 2, for a fault distant 300 meters
As discussed in section I, the exact values for thﬁom bus 1, considering a sampling frequency equal to 1 MHz
fault inception time and the wavefront arrival times on th ' g biing freq yeq '

line terminals are unknown. due to the samolin roces%thresmld could be delimited in order to detect the waweifro
' ping p arrival time on buses 1 and 2 at 19 and /22, respectively.

Therefore, Fig. 9 o_leplcts d|§crete instants that may noh_be t'I'herefore, a wavefront reached the bus 2 three samples after
correct values, which explains the errors on the estimdtion the first wavefront reaches the bus 1. From (2), the fault
the first wavefront arrival time at the cable terminals. T'hu?ocation estimation is ' !

the results are compatible with the traveling waves theory.

C. Fault Location Estimation dr =0.5 {1 + <W) 1.4286 x 105] = 0.28571 km.

The experimental test bench can emulate the evaluation of 3)
the methods based on traveling waves for a longer trangmisstherefore, the fault location was estimated at 285.71 ragter
line. For instance, by adopting a sampling frequency of With an error of 14.29 meters.
MHz to a 1 km long line, it is equivalent to adopt a sampling Table | summarizes the estimation of fault location for faul
frequency of 10 kHz to a line 100 times longer, i.e., 100 krapplied from 100 to 900 meters of bus 1, with a step of 100
long, regarding the sampling frequency effect. In addjtia® meters, considering two different sampling frequenciedHz
the wave velocity propagation was reduced to about half ahd 2 MHz. In the total, 18 faults were applied, 9 for 1 MHz

Ithe typical value for overhead transmission lines (0)9&



20 [ 3 samples uncontrollable parameters in field evaluations. The tiagel
| . waves were performed by means of fault applications aloeg th
0 o= - : real cable. The described methodology for the implemeoriati

of the experimental test bench can be easily reproduced.

S 20 [ vand| |
% F:rsttvivnengtrﬁzts alrr“’a]h | ' The measured high-frequency transients attested the
@ 40 P\ S‘%“alzfor feasibility of the experimental test bench in order to eaabé
S 60 | [First wavefront arrivals ! o wave_propagation phenomen_on.. Thg traditional Mo-termina
time at bus 2 N traveling wave-based transmission line fault location hodt
-80 P ==~ was evaluated. The results demonstrated that methods based
-100 , , , o , , . on traveling waves can be properly evaluated by means of the
0 5 10 15 20 25 30 35 40 presented experimental test bench, with no need for digital
Time (us) simulations.
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