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Abstract — The key point of transient based protection is characteristics of the various TWT, and the Wavelet
the ability to extract the transient components fron the  analysis of both the power system voltage andeaotirr
sampled waveforms and then process these to deteptickly  sijgnals to present a basic analysis of varioust faul

the occurrence of a power system fault and then asmtely  characteristics. It provides the foundation for TWased
determine the fault’s location in the power systenmetwork. protection and fault location techniques

This paper presents an analysis of the characteriss of
fault generated travelling wave transient phenomenassing the Il. CHARACTERISTICS OF THETRAVELLING WAVE
wavelet transform. The characteristics of both theforward TRANSIENTS(TWT).
and reverse travelling waves are extracted using éhModulus . _
Maxima (MM) of the wavelet transform. The advantage of A. Basic Characteristics of TWT
the techniques are that they are simple and direcin their
analysis and thus are able to determine clearly the A fault occurring on a transmission line will geater both
characteristics of the travelling waves transientsand hence voltage and current travelling waves. These witlvél
determine the type of fault and its location. along the line until they meet a discontinuity e tine,

) _ _ such as fault point and busbar. At this point, beth
The paper provides the theoretical foundation for &ult reflection and a refraction of the wave will occirhis

detection and location using wavelet transforms t@nalyse  gonarates additional waves which will propagateuth
transients and illustrates their application.
the power system.

Keywords — Transients, Numeric Relaying, Transmission Lines

Travelling Wave, Wavelets and Modulus Maxima. 1{:)-9'  —— ?'*Ir
|. INTRODUCTION. I L_" ™ _é e ll
Iim = iy

The accurate extraction and characterisation afetiiag

wave transient components provides the foundatortfe  Fig.1. Fault generated Travelling Wave on a SiRflase
travelling wave based protection and fault locatgstems. Transmission Line.

Travelling waves are high frequency signals geeelrday

sudden changes to the power system. By their naiwee Fig.1 shows a diagram for a solid fault on a sifjlese
Fourier transform and other conventional matherahtic transmission line. The voltage and current trangllivave

methods cannot completely represent these trarsi@mls  at both ends of the line ‘M’ and ‘N’ can be expess:-
in both their frequency characteristics and theetithat

they occur. As a result, the extraction and repragien of u,(t) =et-7,) +a,et-7,) - a,et - 3r,) —alelt - 3r,) +...,
the characteristics of the travelling waves trarrt5|d.1ave o et-r)taet-1.)+aet-3r,) - aet-3,) .
been a problem and therefore the fault location andin(®)= Z "
protection techniques which use these analysisnigobs ) c
. u.(t)=a.et-r,)-—aet-3r,)+...,
cannot offer an ideal performance. m m m’Tm m
Up- () =&t —7,)) —a, et —3r,) +...

The wavelet transform is an analysis method thas b®th
the time and the frequency domain. It is not onlitable
for analysis of travelling wave transients, bubgtsovides
a tool for the extraction and representation ofeling
wave transients (TWT). Based on the theories daisgri
travelling wave propagation, this paper uses thsicha
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Uy (1) =t = 7,) +a et - 7,) — a6t = 3r,) ~ age(t = 3r,) +..,
i) = -e(t-1,)+a,et-r,) +a,elt-3r,)-aet-3r,)+...
n ZC ’
u, () =a.et-r,)-a’et-3r,)+..,

U, () =eft = 7,) ~ et =3r,) + ..

@

Where:-
m, n represent voltage and current quantities dt en
M and N respectively;
o, anda, are the reflection coefficients at ends ‘M’
and ‘N’ respectively.
T, andt, are the time for the wave to travel to the
ends ‘M’ and ‘N’ respectively.
Zc is the wave resistance; positive is the forward
wave and negative is the reverse wave
e(t) is the super-imposed voltage source of thé fau
network [1]

As shown in Fig.1 and equations (1) and (2), thsida
characteristics of fault generated travelling waemsients
can be summarised as:-

1) The wave characteristics change suddenly with
the arrival of successive waves at the busbar. This
marks the occurring of the fault and the travelling
time for the journey from the fault to busbar etc.

2) The magnitude of the sudden change depends
on the magnitude of the voltage at the fault instan
e(t). For later waves, it also depends on the
reflection and refraction coefficients at the
discontinuity and the attenuation characteristits o
travelling wave[2].

3) The polarity of the sudden change depends on
the polarity of the fault voltage at the fault Bust
and the discontinuous characteristics of the wave
impedance. Generally speaking, the polarity of
travelling wave has the following characteristics:-

a). Reflected voltage and current waves from
the fault point will have the same polarity as
the incident waves.

b). The initial voltage or current waves have
the same polarity at both ends of the line.

c). For the reflected positive wave from the
busbar and the reflected negative wave from
the fault point, their initial wave and
reflected wave have the same polarity.

The above basic characteristics lay the foundatorthe
TWT protection. However, considering fault detectithe
extraction of the fault generated TWT

refraction from non-metallic fault; the refractioinom

is further
complicated by the coupling between three phades; t

healthy line sections and the propagation to théed line
section; the different propagation velocities ferial mode
and ground mode; the propagation losses of the vihee
shunting effects due to the busbar to earth cegraszt and
the presence of interference or noise. All theseiofa
cause complications for techniques used for theeliiag
wave based fault location[3,6] and protection[4jteyns.

B. Wavelet Transform and Modulus Maxima.

The Wavelet description of travelling wave is dedfrom

the ‘Base Wavelet' function and describes the irregular
characteristics of the transient travelling waveséme the
functionf(t) represents the travelling wave (voltage, current
or direction) and the¥ () representbase Wavelet, the
Wavelet description of travelling wave, or Wavelet
transformw,f () is given in Equ.(3) below[5]:

Wef @) =f &) ¢4 ), (3

Where ¢ (t) = ¢ (t/s) Is represents the basic
Wavelet; s is the scale parameter or scaling factor. The
Wavelet is the dyadic Wavelet wher 2! (/Z) , the

corresponding wavelet transform is the Dyadic Wetvel
transform.

The dyadic wavelet transform possesses an important
characteristic in that the amplitude of the wavelet
transform’s ‘Modulus Maxima’ MM, is not modified by
translations. Therefore this transform is suitdblepattern
identification and detecting singularities in thegnsl.
Because the B-spline function and its derivativas be
readily calculated, and it has the least suppotllimf the
polynomial spline functions, the quadratic B-spline
function has been proved to be an optimal function
handle signals contaminated by noise[5]. This tepleis
therefore used to extract travelling wave signals.

The modulus maxima, MM, of wavelet transform is
defined as/7 £ >0, Wy f (t) and is used to extract the
maxima values in the measured signals within thee ti
period(t-¢, t+£). The MM procedure is used to identify the
maximum signals in the monitored data and proviuath
the value of these maximum signals and the timéheif
occurrence. These are then stored for the nexé siththe
analysis. Since the input waveforms are reducedl tible
of these measurements, this dramatically simplities
identification of the discontinuities associatedthwihe
travelling wave transients. The volume of data tiesds to
be processed is dramatically lower than that usgd b
alternative approaches.
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The modulus maxima of the results from using thev@lét
transform can completely describe the original fiomc(or
signal), and can also be used to reconstruct thggnal
function[5]. In addition, the use of the modulusximaa of
wavelet can also eliminate the majority of any adis the
original signals.

C. Procedure for Analysis using Wavelets to describe
Travelling Waves.

1) Perform Wavelet transform on measured waveforms.

2) Obtain the MM of results from using the wavelet
transform.

3) Store the values of the maxima and the time when

they occur.

4) Analyse the results of the MM, to identify the
travelling wave transients and to check the validit
of the results to ensure that they define travgllin

wave transients associated with power system fault

conditions. Other types of signals will also have
MM signature and therefore can be extracted from
the record.

[ll. THE MODULUS MAXIMA REPRESENTATION OF
VARIOUS TRAVELLING WAVES

A. MM representation of Voltage Travelling Wave.

The network shown in Fig.2 was used to illustrdte t
technique. This shows a 500kV transmission systétim w
an ‘a’ phase to earth fault on the line section MNe fault
inception angle is 45and fault path resistance is®0
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Fig.2. The Test 500kV Transmission Line System.

Fig.3 shows the three phase voltages and resultsing
the Wavelet transform on the waveforms recordedtter
phase ‘a’ travelling wave voltage signal and its Mitle
transformation was carried out 4 times using tHéeint
wavelet transforms. From Fig.3, it is observed:that

1) The Wavelet transforms reach a maxima when
the fault travelling wave arrives at the measurdmen
point and is represented lYD@R@@DD' @' )

etc. The sudden change point corresponds to the
time when the travelling wave arrives at the busbar
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(a) three phase voltage travelling wave.
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Fig.3. Three Phase Voltages and Phase ‘a’ Wavelet
Transform.
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2) Different scales of MMs (M M,, M3 and M,)
reflect magnitudes and positions of travelling wave
components for different frequency bandwidth.

3) The polarity of MM is identical to the polariof

le (A)

sudden change of the travelling wave. . ‘ ,
0 05 1 15
Time (ms)
4) The magnitude of MM depends on two factors:- (a) current signal travelling wave.
(a) the amplitude of the sudden change of 100
the travelling wave; e | @ @ )
= @ @ @
(b) gradient of the sudden change. 0y 03 ] 15
100 T T
. . z © @ .
The amplitude of the sudden change due to the lliraye g ° & TG
wave depends on the instantaneous magnitude of the 0] — : -
voltage at the fault point when the fault occurdieT 100 5 .
gradient depends on the travelling wave attenuation z A @ P
characteristics, the fault position, system comfigjon and = @V @ %
line parameters. The basic characteristics of themdéma o 05 i 15
in the MM signal are identical to that associateithw - A® @ ﬂ
travelling wave transients. : f = " y
E'mo ®v 05® & 1 15
The derivation of the MM is based on the Wavelet T Time g
transform. They can be expressed as:- (b) Modulus maximaM;. M,, Mz andMy
£ (Va Vy Vol o) = g(max@,f(v;,i)))  j=abc (3) Fig.4 Modea Current Travelling Wave and the Wavelet
Transform.

Wheref is the set of travelling wave amgds the set of MM. ) _
B. MM representation of current travelling wave.

The following points can be seen from the waveforms )
shown in Fig.3:- Fig.4 shows the waveform afmodal current and its MMs.
With reference to Equation (1), it is observed:that

1) The travelling wave appears on both faulted and

healthy phases when fault occurs. 1) The magnitude of the initial wave is greater

than that of the reflected waves from the faulinpoi

2) After the Wavelet transform, the MM process and_ other discontinuity points, such as a busbar.
identifies the initial voltage travelling wav®, the Their MMs also follow this pattern. See pdintas
reflection waves from the fault poin®, the shown in Fig. 4.

reflected waves from remote end busli@r, the

reflected waves from neighbouring line busli@y 2) The polarity of the MM of the reflected wave

from the fault point is the same as that of thé&ahi

!
and the ground modal componerits’ . wave. Its amplitude is,, or a, times of that of the
h £ th " q © 4 th initial wave. a,, or o, represent the attenuation of
3) The MMs of the reflected wav and the these signals. See poifit as shown in Fig.4.

initial wave(® have the same polarity.
3) The polarity of the MM of the reflected wave

4) Thg MMs 'of the reflected voltf’:\g_e wave from from neighbouring busbar is the same as that from
the neighbouring busbar and the initial wave have the faulted point, and its amplitude is the invese
the same polarity. the former (point2 as shown in Fig.4).

o) Faults involving earth produce ground modal 4) The polarity of the MM wave reflected from the
travelling waves. Because of the different velesiti remote end busbar is of the opposite polarity & th
of the ground mode and the aerial mode travelling from the fault point. Its amplitude is proportiorial

waves, there are sudden changes in the voltage
waveform and corresponding changes in the ground
modal travelling waveD’ . The MM produced

by the changes will complicate the extraction bé t
waves.

am 0y (point@ as shown in Fig.4).
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There is no ground mode travelling wave using dhe
mode current travelling wave and hence there is no
equivalent to pointD’ as shown in Fig.3.

C. MM representation for the forward travelling wave. %mu -------------------------------------------------------------
s B
o ;
The combination of travelling voltage and current 0 Y imema 18
waves provides a clear indication of the directiitpa (a) Forward travelling wave at end M.
of a fault. This is very important for power line
protection. The forward travelling wave reflectslyon 10 :
travelling waves from remote busbar, and can be T 9 @ :
expressed as:- E @ @ @
-100 .
1 WDDD D.S 1 15
— ; 3 @ @ N
uM . forward (t) - —(Um(t) +chm(t)) (5) & U 4 | . h
g G @
2 @ ‘
'Ego 05 1 1.5
When deriving forward travelling wave, both voltaged g @, ) \ \
current use the modal travelling wave in orderdncel the g ° ®Y & @
noise interference of the ground modal wave. F{@3 &nd 100 o i s
5(b) show the Wavelet transform and its MM of the 10 @ > ‘
forward travelling wave. As shown in the figure,eth % of—* At @J@ A L B
reflection wave from neighbouring busbar L, pd@t is = @V : :
strengthened when the forward travelling wave isagxed 0 =y '
using MM. (b) MM of forward travelling waveM;, M,. M; andM,.
200
D. MM representation of reverse travelling wave. 2
2
The reverse travelling wave which contains theeatibns =0y 05 1 15
. . . . Tirme (ms)
of the wave from the faulted line, contains infotima of (c). Reverse travelling wave at end M
fault location[3,6] and forms the basis for trairgl wave ' 9 '
distance measurement[4] and positional protectiof[ide . .
reverse travelling wave at point M can be expressed s @
= 3 *
_ 1 . 10y 5 ] 15
uM.inverse(t) - _(um(t) _chm(t)) (6) iy g i
2 g, @
g | @ '
S0y 2 05 1 15
Figs 5 (c) and (d) show the reverse travelling vsaared the - e ' @
distribution of their MMs. The figure shows the tial = 0 V 3 ! : v
. . =
travelling wave(D, the reflected wave from the fault point @ .
o 0.a 1 15
@ and the reflected wave from the remote bus@ar 2m :
Here, the reflected wave from the neighbouring budb ER. e .
does not appear, and therefore, the reverse tirayell = @V @

waveforms only contain the waves coming after tigal o 05 % s

. . . Time (ms)
wave will be the reflected wave either from theltfuoint .
or from the remote end busbar[7]. (d) MM of reverse travelling wavé),;. M,. Mz andMy.

Fig.5 ‘o’ Modal Travelling Wave and Distribution of

In the system configuration used here, the reftbetave MM

from the faulted point will be of the same polanty that of
the initial wave, and that from the remote busb#irbve of

the opposite polarity to the initial wave. This azawsily be
used for fault location, distance and positionalt@ction.
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IV . COMPARISON BETWEEN VOLTAGE AND
CURRENT TRAVELLING WAVES.

In order to compare the characteristics of faultage and
current travelling wave, Fig.6 gives themode of voltage
and current travelling waves and the distributidnttze

forward and reverse MMs at the scafe 2

100
=
x NN L W
3 @w @\I . @
100 05 1 15
Time (ms)
(@) MM of voltage travelling waves.
500 @
% i} ‘ ®n 1 ® A 1 I A
E | Y g
3 )] @
5003 5 1 15
Time (ms)
(b) MM of current travelling waves.
100 T T
b
Z 0 @, V @ . A 1
) @ @
= & ‘ )
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Time (ms)
(C) MM of forward travelling waves.
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n;{ 0 3 i A y
i g
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(d) MM of r everse travelling waves.

Fig.6. Comparison between the MM of Modal
Travelling Waves (scale®.

It can be seen from the Fig. 6, that the reflectimmm
neighbouring busbar and that from the fault poanrot be
clearly identified based on voltage travelling wapeints

® and @.

Also, the reflection from the neighbouring busbad a@hat
from the fault point cannot be clearly identifieding the
current travelling wave if there is an open ciratithe end
N busbar [7].

The forward travelling wave is amplified by the weavom
the far-end busbar L. In this case the real fanitirmation
is not clear when protection is based on usingrténeelling
waves.

The reverse travelling wave only reflects the thawg
wave from the fault point. This contains the mogportant
information about the fault and provides the masib for
fault detection and identification.

From the results shown in Fig. 6, it is also shadtat all
the travelling waves have a common characterigkie:
MM of the initial wave has the same polarity ast thiathe
wave reflected from fault point; the amplitude bétMM
of the initial wave is also greater than that ok th
corresponding reflected ones.

V. CONCLUSION

The Modulus Maxima of Wavelet transform provides a
valuable technique for extracting the charactesstof
various transient travelling waves generated byoaep
system fault.

All the waves have modulus maxima after Wavelet
transform, which includes the reflected wave fréma tault
point, from the neighbouring busbar, from remotel en
busbar and from noise.

All the travelling waves, such as voltage, curremd
direction waves, behave differently and this carubed to
discriminate between travelling waves generated at
different types of discontinuity.

The common characteristic of various waves is that
initial wave has the same polarity of MM as thattioé
wave reflected from fault point and the amplitudettoe
MM of initial wave is greater than that of the
corresponding reflected ones.
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