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1. INTRODUCTION

Faults in transmission lines affect the continuity of electrical power supply, damage electrical
devices, endanger the human personnel that may be exposed to live parts and sometimes can even cause
natural disasters such as fires. Therefore, a rapid and precise fault location would be of great interest to power
utility companies that would be able to restore quickly and accurately the well-functioning of transmission
lines by fixing the problems identified at the fault points [1]. Among the most used methods in fault
localization, there is the one based on the fault impedance and it uses essentially the RMS values of voltages
and currents at the fundamental frequency [2-6]. This method is simple, but its precision depends on
the assumptions made about the relationship between the RMS values of voltages and currents at the fault
point and those at the end of the transmission line. Artificial Intelligence is also one of the methods used in
fault localization, and it is based on machine learning algorithms applied to historical data [7-10]. Although it
seems promising, this approach requires a huge amount of data that are not always available and therefore
have to be generated according to the learning theory paradigms. The fault location method proposed in this
article is based on the theory of traveling waves [11]. This latter combined with the morphological
filters [12], and the Clarke modal transformation yield satisfactory results, in terms both of speed and
accuracy in locating faults on overhead power transmission lines.
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2. FAULT CHARACTERIZATION BY THE CLARKE MODAL COMPONENTS

Being represented by its distributed parameters [13, 14], the transmission line is subjected to two
regimes when exposed to a fault condition, that is, the steady-state regime that is caused by the original
sources and the fault inception regime where the incremental quantities are caused by a fictious source
exerted at the fault location x; and at the fault inception time t; = 0 [14, 15]. Therefore we obtain
the following expressions for all t > 0:

79 (x, t) = v¥(x,t) + Av?(x,t) 1)
?(x,t) =i?(x,t) + Ai%(x, t) )

Where ¢ = {4, B ou C} represente the phases 4, B, C ; 7% (x,t) and i®(x,t) are the post-fault voltage and
the post-fault current respectively; v¥(x,t) and i®(x,t) are the steady-state voltage and the steady-state
current respectively; Av®(x,t) and Ai®(x,t) are the incremental voltage and the incremental current
respectively. In what follows, we will focus on the characterization of the incremental quantities by
the Clarke modal components since they carry the transient information throughout the fault condition.
To this end, let us consider, in the fault inception regime, the representation of the portion of a transmission
line that connects buses R and S, and whose length is L. As shown in Figure 1, the original sources are short-
circuited and a fault has occurred at a distance [ from the end R at the fault point F.
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Figure 1. Representation of a transmission line in the fault inception regime

Not only the mutual coupling and capacitance between each pair of phases cause a traveling wave
on a certain phase to generate also traveling waves passing through the other phases, but also cause traveling
waves to distort themselves as they travel along the conductor [16]. Therefore, to analyze the propagation of
traveling waves in three-phase systems, we have performed the Clarke modal transformation [17] to
decompose the traveling waves on each phase into three modal decoupled traveling waves. The linear
combinations relating the phase components to the modal components are given by the following
expressions:

[ Av° (x, ) 1 1[avAx o)

Ave(x,t)| = [ l AvB(x,t) (3)
[ AV (x, t) 0 \/_ \/_ AvE(x, t)

Ai®(x,t) Ait(x,t)

Ai%(x, t)‘ [ l AiB(x,t) (4)
| AiB (x, 1) 0 «/‘ \/_ Ai€ (x, 1)
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Where « and S are the subscripts used for the aerial modes of the modal incremental quantities and 0 is
the subscript used for the ground mode of the modal incremental quantities. From (3) and (4) it turns out that
two fault categories can be distinguished:

— Category I: For the faults belonging to this category, we have Ai°(x,t) # 0 and Ai%(x,t) # 0.
This category comprises single line-to-ground (SLG) faults (AG, BG, CG) and line-to-line-to-ground
(LLG) faults (ABG, BCG, CAG).

— Category II: For the faults belonging to this category, we have Ai°(x,t) =0 and sometimes
even Ai%(x,t) = 0. This category comprises line-to-line (LL) faults (AB, BC, CA), line-to-line-to-line
(LLL) fault (ABC) and line-to-line-to-line-to-ground (LLLG) fault (ABCG).

Indeed, let us consider, for instance, the simplified diagram of line-to-line fault (BC) shown in

the Figure 2:

[@leh g
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Figure 2. Simplified diagram of line-to-line fault (BC) at the fault point F

We have then at the fault point F:
Aif(t) =0 (5)
AiB(t) = —AiS(t) (6)
The Clarke matrix being invertible, we obtain from relations (4), (5) et (6) the following expressions:
AiQ(t) + Aig(t) = 0 (7
2Ai%(t) — Ai%(t) = 0 ©))
From (7) and (8) we deduce that:

AiQ(t) = Aig(t) = 0 ©)

3. PROPOSED APPROACH FOR FAULT LOCATION
According to the traveling wave theory [18-20], the voltage and current waves produced by the fault
point F travel along both sides of the line at speed u,, depending on the mode m := {0, «, B} considered as
shown in Figure 3. Thus, we have:
—  Two forward waves (AvP(t —x/u,,),Aif(t —x/u,,)/2 = AvP(t — x/u,,)/Z.) moving towards
theend S.
— Two backward waves (AvP(t + x/u,,), Aif(t + x/uy)/2 = AvP(t + x/u,,)/Z.;) moving towards
theend R.
Thus, the modal incremental quantities can be expressed as follows:

L—1 X l
Av’"(x,t)=1{x20etost<u—}Av;"(t—u—)+1{x<0et0St<—}

m m um

Avl (t + ﬁ) (10)

1fxz0et Ost<i—;;}Ai}';n(t—im) N 1fxsoet Ost<ﬁ}Ai;—"(t+L)

= o (11)

Aim(x, t) = > -
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Where Z_. is the surge impedance of the portion RS of the transmission line, and 1{.} the indicator function
that is equal to 1 when its argument is true.

R AVE(E+x/ U) AVE(t = x [ tm) S
=I }Ai}’;(t) AN AW ;;.
JAVL(E)
lAv%”(t) 1 Jawz
—ll (I) L }— [ x

Figure 3. Propagation of modal waves along the transmission line portion RS in the fault inception regime

From expressions (10) and (11) we deduce the values of the modal incremental quantities at the ends

R and S that are respectively distant by [ and L — [ from the fault point F considered as the origin of
the x-axis.

B = @ +5Haop (- ) (12)
M () = (1 + L) avp (- L—m’) (13)
A () = —(1 - LA (- E) (14)
AIT(E) = —(1 — L)AL (t - Z—;n’) (15)

Where I ¥ and I3 are the reflexion coefficients at the ends R and S respectively. Thus, we deduce that
the arrival time of the first modal incremental voltage wave front and the first modal incremental current
wave front from the fault location to the end R is t7* = [/u,,. We deduce also that the arrival time of the first
modal incremental voltage and current wave fronts from the fault location to the end S is t* = (L — D) /u,,
as shown in Figure 4 and Figure 5. Therefore, for the faults belonging to category I, we consider only
the arrival times of the @ and 0 components of the modal incremental quantities at the end R.

R<—]—F=<— [-]1 —§

Time Time

Figure 4. Arrival times of the @ and 0 components of the modal incremental quantities at the end R

l
tR = o (16)
tf =— (17)
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From (16) and (17) we obtain :

0 a
— th_tf (18)

and concerning the faults belonging to category 11, we consider only the arrival times of the § component of
the modal incremental quantities at the ends R and S.

R<—]—F=<— [-] —§

R

T
T

Time Time

Figure 5. Arrival times of the 8 component of the modal incremental quantities at the ends R and S

B __L
tr =0 (19)
-1
tf = Lu—ﬁ (20)

From (19) and (20) we obtain :
= L+uﬁ(t£—t§)
=

(1)

4.  MULTI-SCALE MORPHOLOGICAL GRADIENT ALGORITHM
In this section we will present the level s multi-scale morphological gradients [21] of the modal

voltages and currents (p:R [n],p:S [n],pS’R [n],psls [n]) that will, from now on, represent and replace
the modal incremental voltages and currents (Avg, Avg', Aigt, Aid") [22-24]. To this end, let us consider
a digital signal x[n] whose length is L, and the level s dyadic length [, = 25711, of the operators max and
min, where [; is the level 1 length of the operators max and min to be preset. The level s multi-scale
morphological gradient of x[n] can be presented as follows:

Algorithm Al
1. Start.
2. Getx[n]andL,.
3. poln] = x[n].
4. Determine [; and s.
5 k=1
6. Whilek <s:

6.1. Compute &; [n] using (22).
6.2. Compute &; [n] using (23) .
6.3. Compute &, [n] using (24).
6.4. Compute g, [n] using (25).
6.5. Compute pj [n] using (26).
6.6. Compute p; [n] using (27).
6.7. Compute p, [n] using (28) .

7. End While.

8. End.
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Where:
& [n] is the level s flat positive dilation:

1smslg (22)

max {p,_([n+ml}1<n<l - +1
85 [n] =
ps—l[n] lx_ls +t2<n< lx

e¥[n] is the level s flat positive erosion:

+

ps—1ln]l<n<li;—1
2 [n] —{

min {p,_;[n+m]}l, <n<lI, (23)

1smslg
&5 [n] is the level s flat negative dilation:

ps_in]l<n<li,—1
5:tnl = { max {py_s[n+m} I, <n <, &

1smslg

&5 [n] is the level s flat negative erosion:

1smslg (25)

- {min{ps_l[n+m]}1£n£lx—ls+1
& [n] =
’ ps—l[n]lx_ls+2SnSlx

pd[n] is the level s flat positive gradient:

ps[n] =65 [n] — & [n] (26)
ps [n] is the level s flat negative gradient:

ps [n] = &5 [n] — 65 [n] @7)

ps[n] is the level s flat gradient:
psln] = ps'[n] + ps[n] (28)

5. PROPOSED FAULT LOCATION ALGORITHM

Before presenting the proposed algorithm, we will first present the algorithm by which we can
detect the sample index n%,, corresponding to the local modulus maximum of the characteristic signal
p.X [n]pK [n]|. For a given mode m = {a, 8 or 0} and node = {R or S}, Th,, > 0 being the empirical
threshold of the characteristic signal above which the presence of the fault inception regime is indicated,
we have the following algorithm:

Algorithm A2
1. Start.
2. i=1,npp =0
3. While |p:node[i]pslnode[i]| < Thm
3li=i+1
4. End While.
n=i
While p:node[n+ 1]p;node[n+ 1]| > p:node[n]p;node[n]
6.1 n=n+1
7. End While.
8. If pfnode [n]psinode [n] < 0:
0. nmnode = n
10. End If.
11. End.

Traveling wave based fault location for power transmission lines... (EImahdi Khoudry)
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It should be noted that step 8 of algorithm A2 will be used in algorithm A3 to verify whether
the fault is internal or external [25]. The fault is internal when, for any mode m,

pSR [nmax]ps [nR] < ~Th,, andpy® [ ]pe [n™S.] < =Th,,. Finally, the proposed algorithm is
presented by algorithm A3:

Algorithm A3
1. Start.
2. Define the sampling rate f; in MHz.
3. k=0
4. Forj=14600kf; to (1200 + 600k)f,

4.1 For all modes m, compute and store T[], TRt [j1, 7" [j], i¢* [j] using (3) and (4).
End for.

~ =] =M
6. For all modes m, extract p:’r*n[i],ps’;‘n[i],prs [j] and p® []] from 5[5, i [j1, 57 [j] and T[]
respectively using algorithm Al.
7. For all modes m, run algorithm A2 for nodes R and S to obtain the indices n;,

¥ 1o ]|

o

R et nmax o
L
o ol |

max
corresponding respectively to the local modulus maxima of

8. If nmax + nﬁlsx =0or nglflx + nglftx = 0:

8lk=k+1
8.2 go back to step 4.
9. EndIf.

10. Else If ny% . = 0 and nmax #* 0:
B.S

B.R
10.10btain I by remplacing t? and t? with ”";ax and "";ax respectively in relation (21) .
11. End Else If
12. Elseif nok #0:
O,R a,R
12.10btain [ by replacing t and t& with % etn’;jJ respectively in relation (18).

13. End Else If.
14. End.

6. SIMULATION RESULTS AND DISCUSSIONS

To asses the efficiency of the proposed method for fault location, we considered a transmission line
on which internal faults were simulated on the portion RS as shown in Figure 6. The voltage and current
signals observed at ends R and S were sampled at a rate of 1MHz and then processed through algorithm A3.
As stated in step 4 of algorithm A3, we regarded a 1200 us time-based window whose sliding interval is
600 us. In regards to algorithm AL, we took [; = 8, which is equivalent to a sliding sub-window that covers
a period of 8 us and moves continuously by one sample inside the main window [25].

B, R Hg

| Line1 |I§J Line 2 EH Line 3

80km 150km 100km

Figure 6. Simulation model

To verify the performance of the proposed approach, we analyzed the influence of the fault type,
the fault resistance, the fault inception angle, and the sampling rate on the fault location error €% given by
the following expression:

|l I

£% = =1 x 100 (29)

Where:

— L:The actual distance between end R and the fault point.

— [ :The estimated distance between end R and the fault point.
— L :The length of the portion RS.
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Before giving a numerical example, it should be noted that u, = uz; = 2.9304 - 105 km.s™* and
Uy = 2.2263 - 10° km.s™t. Thus, as shown in Figure 7, for a fault belonging to category I that actually
occurred at 25 km from end R, we have according to the blue graph t§ = 4.237 ms, and to the red graph
td = 4.264 ms. Therefore, we obtain according to algorithm A3 and (18):

1 | | X:4.237
Vi1 8580+08

3.6 38 4 4.2 4.4 4.6 48
il
»x10
1 T T
iy E L]
X:4.264
1 1 L ¥:-9.325e+07
3.6 38 4 4.2 4.4 4.6 48
Time (ms)

Figure 7. Characteristic signal: mode a (blue) and mode 0 (red)

p_(4264-4237) 107
=T 10792-10-6 °¥ m

We have consequently from (29), €% = 0.012 %. We would proceed in the same manner for the faults
belonging to category I1 by taking into account their specific fault location parameters.

6.1. Influence of the fault type

In order to study the effect of fault type on the fault location error, we simulated all types of faults
(SLG, LLG, LL, LLL, LLLG) along the portion RS, while fixing the fault resistance in 2 Q and the fault
inception angle in 90°. The distribution of fault location errors obtained by algorithm A3 is represented in
the Figure 8.

0.6 T
I SLG
=]
[—|
05 D)
04— —
Si 03—
0.2 —
0.1 —
0 | I -] II_‘I
5 10 25 40 55 70 80 95 110 125 140 145

Distance

Figure 8. Distribution of the fault location errors according to the fault type

We observe that the distribution of fault location errors is the same within the same category but, on
the contrary, it differs from one category to another. Indeed, SLG and LLG faults that belong to category I
have the same fault location error whatever the distance considered, and the same thing for LL and LLL(G)
faults that belong to category I1. Nevertheless, the fault location errors of category I faults are higher than
the fault location errors of category 11 faults, and that comes down to the trade-off between the fault location
accuracy and the fault location rapidity. Although it is less precise, the location of category I faults is fast

Traveling wave based fault location for power transmission lines... (EImahdi Khoudry)
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since it is based on single-ended fault location techniques that require only one measurement point (end R);
whereas the location of category 11 faults is more precise, but is less rapid since it is based on double-ended
fault location techniques that require two measurement points (end R and end S) exchanging information
with a reference point (end R) or a SCADA system with a certain latency that should be reduced using
efficient internet based communication protocols [26, 27]. Out of this analysis, we conclude that the proposed
fault location approach is sensitive to the fault category, but within the same category, it insensitive to
the types of faults and to the phases ¢ involved in the fault process. In other words, whatever the phases
affected, the faults belonging to the same category give the same fault location error distribution.

6.2. Influence of the fault resistance

To study the impact of the fault resistance, we compared the distribution of the fault location errors
along the portion RS of both fault categories using two different fault resistances (2 Q and 100 Q). As shown
in Figures 9 and 10, within the same category, the proposed fault location algorithm is insensitive to the fault
resistance since the distribution of the fault location errors remains the same for any fault resistance.
In addition, the proposed algorithm is very precise since for both categories the observed errors are smaller
than 0.6% .

0.6 I I
-0

[ 10002
0.5 -
0.4 - -
5503
0.2
0.1 u u
: - l
5 10 25 40 55 70 80 95 110 125 140 145

Distance

Figure 9. Distribution of the fault location errors of category I faults according to the fault resistance

0.05 T T T
Bl
[ 10052
0.04 — —
0.03 -
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- “ II u I
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5 10 25 40 55 70 80 95 110 125 140 145

Distance

Figure 10. Distribution of the fault location errors of category I1 faults according to the fault resistance

6.3. Influence of the fault inception angle

For the purpose of studying the influence of the fault inception angle on the fault location error,
faults of both categories have been triggered along the portion RS at fault inception angles 60°,30° and 0°.
From Figures 11 and 12, it appears that, within the same fault category, the distribution of the fault location
errors does not vary from one fault inception angle to another. Moreover, the maximum error concerning
category I faults is about 0.5 % and the maximum error of category II faults is about 0.07 %. It can be
concluded that the proposed method for fault location is precise and insensitive to fault inception angles.
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Figure 11. Distribution of the fault location errors of category I faults according to the fault inception angle
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Figure 12. Distribution of the fault location errors of category 11 faults according to the fault inception angle

6.4. Influence of the sampling rate

In order to study the impact of the sampling rate on the distribution of the fault location errors,
we used sampling rates of 1 MHz and 0.5 MHz while keeping, for the faults of both categories, the fault
resistance at 2 Q and the fault inception angle at 90°. According to Figures 13 and 14, it can be observed that,
for both fault categories, the fault location precision decreases with the decrease of the sampling rate. Indeed,
the fault location errors corresponding to the sampling rate 0.5 MHz and represented by the red bars are
much higher than those corresponding to the sampling rate 1 MHz and represented by the blue bars.
We deduce that the proposed fault location algorithm is very sensitive to the sampling rate and that the higher
is the sampling rate, the better is the fault location precision.

09—
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05—
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40 55 70 80 95 110

Distance

125

140 145

Figure 13. Distribution of the fault location errors of category I faults according to the sampling rate
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Figure 14. Distribution of the fault location errors of category II faults according to the sampling rate

7.  CONCLUSION

In this article, we presented another fault location approach based on a combination between
the traveling wave theory, the Clarke modal transformation and the multi-scale morphological filtering.
This approach gathers two fault location techniques, where one is based on single-ended measurements of
voltage and current from which the @ and 0 components of the characteristic signals corresponding end R
were extracted, and the other is based on double-ended measurements of voltage and current from which
the B component of the characteristic signals corresponding to ends R and S were extracted. The analysis
showed that for all simulation cases and for both fault categories the maximum fault location error is about
1 % and consequently, even if it is sensitive to the sampling rate, the proposed approach is precise and fast as
well as insensitive to the fault type, the fault resistance and the fault inception angle.
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