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ABSTRACT Fault location in a power distribution network is a challenging task due to the presence of
multilayer branches and short line lengths. Existing fault-location methods generally require measurements
at both ends of each branch, which requires a large number of measuring points. The placement of measuring
points at branch terminals is an approach that can be used to reduce the number of measuring points.
Such a measuring point layout allows the existing fault-location methods for power distribution networks
to determine fault points after identifying faulted branches. However, these methods fail to locate a fault
if the faulted branch cannot be correctly identified. This paper proposes a traveling-wave-based fault-
location method for branched power distribution networks without requiring faulted branches to be identified.
In the proposed method, by using the first arrival times of the fault-generated traveling waves detected at
the substation and each branch terminal, the computational fault time difference (CFTD) is defined. By
calculating the value of CFTD, the fault point is directly searched out. Finally, the quartile method is used
to eliminate the impact of the arrival-time error on the fault-location accuracy of the proposed method. The
simulation results verify the high accuracy, traveling-wave velocity stability, and strong arrival-time error
robustness of the proposed method.

INDEX TERMS Power distribution network, fault location, traveling wave, computational fault time

difference.

I. INTRODUCTION

Power distribution networks are connected to power con-
sumers, and faults in a power distribution network directly
cause power outages. Statistics show that the majority of
customer interruptions originate at faults in power distribu-
tion networks. Accurate and reliable fault location is of great
importance to reduce the system restoration time and the
power outage time [1], [2].

The need for accurate and reliable fault location drives the
evolution of fault-location algorithms. Among existing meth-
ods, those based on impedance [3]-[5] and traveling waves
[6]-[10] are the most widespread. Impedance-based meth-
ods and some types of traveling-wave-based methods have
been shown to work well for single-line power transmission
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networks [11]. For power distribution networks, existing
methods perform poorly because of the presence of multi-
layer branches, the shortness of line lengths, and the lack
of measuring points. The spread of wide-area measurement
techniques and advanced measuring devices has started to
overcome these limitations and can provide necessary mea-
sured data for fault location and decrease the investment
cost of placing new metering points. Currently, several fault-
location methods for power distribution networks have been
reported. These methods generally require the placement of
measuring points at substation and branch terminals. Such
a measuring point layout allows these methods to deter-
mine fault points after identifying faulted branches. In [12],
[13], impedance-based methods that utilize the measured
data from substations and branch terminals are presented to
identify faulted branches and determine fault points. In gen-
eral, impedance-based methods require the voltages and the
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currents at the fault point and branch points/branch terminals
to be estimated by using measured data and Kirchhoff’s law.
Therefore, the fault-location accuracies of these methods are
affected by the measurement errors, line parameter errors, and
equivalent load model accuracy. In addition, the difference
between the estimated voltage at the fault point and the esti-
mated voltages at branch points may small because of short
line lengths. Therefore, impedance-based methods often per-
form poorly in practice. The method in [14] presents one
way to locate a fault by comparing the precalculated arrival-
time differences of the traveling waves with the measured
time differences. Since the time differences corresponding to
each point and each operation mode of the network need to
be precalculated, the computational burden of this method
is very large. In [15], a fault-location method based on the
characteristic frequency of the traveling-wave propagation
path is proposed. The characteristic frequency depends on
the line parameters and the fault parameters. Since accu-
rate parameters are difficult to obtain from the distribution
networks, the accuracy of the method in [15] remains to
be further discussed. The methods in [16], [17] identify the
faulted branches by comparing the network parameters (that
is, branch lengths) with a set of initial fault distances calcu-
lated by the classical two-terminal traveling-wave method;
then, according to the results of faulted branch identification,
the correct fault distances can be selected from the initial
fault distances. However, these studies do not discuss the
impact of the traveling-wave velocity on the fault-location
accuracy. The method in [18] determines faulted branches
and fault points by using a set of linear equations derived
from the traveling-wave velocity and the first arrival times of
the traveling waves detected at branch terminals. However,
this method can precisely locate ground faults only if the
traveling-wave velocity is highly accurate. In [19], a novel
low-cost traveling-wave measuring device is applied to iden-
tify faulted branches and determine fault points. The method
in [19] requires the devices to be accurately installed at the
midpoint of each branch; otherwise, this method may have a
large fault-location error. Furthermore, the impact of arrival-
time errors is not considered in this method.

The above methods contribute to fault location in branched
power distribution networks, but each method has unique
disadvantages. In general, the identification of faulted
branches is the main challenge. In fact, a minor measure-
ment error or parameter error may cause the above meth-
ods to fail to correctly identify the faulted branch due
to short line lengths and a lack of measuring points at
branch points. In addition, although traveling-wave-based
methods are sensitive to traveling-wave velocity inaccura-
cies and arrival-time error [20], traveling wave-based meth-
ods have shown higher accuracy and much stronger fault
condition stabilization (time-varying load, distributed gen-
eration, system parameters, etc.) [6]-[10] than those of
impedance-based methods. Therefore, traveling wave-based
methods are more beneficial for fault location in distribution
networks.
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This paper proposes and validates a traveling-wave fault-
location method for branched power distribution networks
by utilizing the computational fault time difference (CFTD)
derived from the first arrival times of the fault-generated
traveling waves. Again, the identification of faulted branches
in branched power distribution networks presents a major
challenge for fault-location methods. Therefore, the value
of the CFTD is used to directly search for fault points to
overcome the need for faulted branch identification, which
is the major contribution of this paper. Additionally, this
paper takes into account that the traveling-wave velocity in
power distribution networks is challenging to obtain accu-
rately. Thus, the proposed method uses only the arrival time
to derive the CFTD to overcome the impact of this inaccurate
or unknown velocity on fault location. Moreover, the effect
of arrival-time error on fault-location accuracy is considered,
and the quartile method is used to eliminate this effect to
improve fault-location accuracy. The proposed method is
implemented by placing the measuring points at each branch
terminal. A possible disadvantage of such a measuring point
layout is the increasing cost of measuring devices as the
number of terminals increases. However, the development
and application of advanced measuring devices with low cost,
such as that mentioned in [19], provide a way to overcome the
abovementioned disadvantage.

Il. BASIC CONCEPT AND CHARACTERISTICS OF THE CFTD
A. BASIC CONCEPT OF THE CFTD
The illustrative model is shown in Fig. 1. It is an overhead
line network comprised of n — 2 branches. The branches are
connected to the main line at branch points by to b,_>. The
traveling-wave detectors (TWDs) M to M,, are placed at each
branch terminal. Each TWD monitors the voltage and records
the arrival time of the fault-generated traveling wave.

M, b, b, bs ~ bio b £ by

R, R

MZ M3 M4 MI:—I MI: Mk+1 Mn-? Mn-Z Mn-l

FIGURE 1. Diagram of an illustrative branched distribution network.

Assume that the fault occurs at f, the first arrival times
of the traveling waves recorded by My and M; (j € [1,2])
are denoted by #y, and M- The reference points Ry and R»
are shown in Fig. 1. The computational fault time (CFT) for
Rm (m € [1,2]) is defined as CFTg,,. Regarding fy, as the
reference time, CFT g, can be calculated by:

lRli

CFTg,(tM,, tv;) = tm, — (tmy; —nv) (D)

IR, My — IR, M;
where Iy, is the line length between f and M, lﬂ\/{,— is the line
length between f and Mj, [ M, is the line length between R,
and My, and lR,,,Mj is the line length between R, and M;.
The difference between CFTg,(tm,, tm;) and CFTg,
(tMm; » tMp) (p # j) is defined as ACFTg,, | i1, Furthermore,
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the CFTD for R, is defined as CFTDg,,. ACFTR,, 1,-1, and
CFTDg,, can be calculated by:

ACFTR,,.1j-1p = CFTR,, (tm,, tM;)— CFTR,,(tm, . tm,) - (2)

n—1 n

Z Z ACFTI%,,I.l.j—lp 3

J=2 p=j+1

CFTDg, =

where j € [2,n — 1] and p € [j + 1, n]. CFTDg,, consists of
G items ACFTRm,l_/.,l and G is given by:

n—1
G=) (n—g “
g=2

B. BASIC CHARACTERISTIC OF THE CFTD AT A FAULT
POINT

Assume that the traveling-wave velocities between the fault
point and the n TWDs are equal. According to the basic
traveling-wave fault-location principle, the first arrival time
of the fault-generated traveling waves can be described by:

1
M, = ;lfMl +t
)

1
v = ;lﬂv[j + t¢

where #r is the fault inception time, and v is the traveling-wave
velocity.
Combining (1) and (5):

1 lRli

CFTR,,(tm,, tm;) =tm, — =
v IR, M, —IR,M;

(lfMl - lﬂ\/IJ) (6)

Assume that the reference point is located at the fault point
fin Fig. 1, as shown by R;. Taking into account Iy, = Ig,Mm,
and lfMj = Ig,M;, (6) can be rewritten as:

1
CFTR](IMI’ tM,) = tMl - ;lﬂ\/ll =1 (7)
Furthermore, it can be easily obtained that:

ACFTR, 1j-1p =0 8)
CFTDg, =0 ©)]

According to the above analysis, when the reference point
is located at a fault point, the value of CFTD for this reference
point is equal to zero.

C. BASIC CHARACTERISTIC OF THE CFTD AT A NON-FAULT
POINT
As mentioned above, the value of CFTD for a fault point
is equal to zero. Furthermore, if the value of CFTD for an
arbitrary non-fault point is not equal to zero, then CFTD can
be adapted to search for the fault point.

The CFTD for R, is used for analysis. According to (3),
if each ACFTRZ]J,,”, Gel2,n—1],p €[j+ 1,n]) is equal
to zero, then CFTDg, is equal to zero. Supposing an arbitrary

181974

ACFTR, 1,1, is equal to zero, the following equation can be
derived by combining (2) and (6).

1 lR M 1 lR M
— VL (I, —Ipw) — ~ 2 (Ipt, — i, ) =0
v IRyM; — IRy M; v iRomy —IRoM,
(10)
Furthermore, /pv, can be solved with (10), that is:
g, = IRam; — IRyM,, IRyom, — IRy I, (1)

= ;-
IRam; — [RyM,, IRym; — lRyM,,

Taking into account /pv, > 0, (11) can be rewritten as:
[ —1 Iem
RyM; RM,, > 2 (12)
lR2M1 - lRQMj lfMj

Similarly, taking into account lﬂ\/[j > 0 andlﬂv[p > 0,
(13) or (14) can be easily derived from (12):

lRamy = IRyM; (13)
IRam, = IRyM,,
lRom; < IRyM; (14)
IRam, < IRyMm,

Equation (13) and (14) can be considered as the preconditions
that an arbitrary ACFTg, 1 -1, is equal to zero, and these two
preconditions cannot be met simultaneously.

Furthermore, if each ACFTg, i i1, is equal to zero (i.e.,
CFTDg, is equal to zero), then the corresponding precondi-
tion can be derived: Ig,m; > IryM, OF lRoM; < lRoM, (¥ €
[2, n — 1]). If this precondition is met, then CFTDg, may be
equal to zero. However, in practice, this precondition presents
a highly unlikely scenario due to the complex structure of
power distribution networks. Thus, it can be concluded that
the value of CFTDg, can be always considered to be nonzero.
This conclusion is valid for the CFTD for an arbitrary non-
fault point.

IIl. PROPOSED FAULT LOCATION METHOD

A. PHASE-MODEL TRANSFORMATION

Since traveling waves are mutually coupled in a three-phase
power system, the phase domain signals are generally decom-
posed into the modal domain components (aerial modal and
ground modal). The aerial modal traveling wave is much
more stable than the ground modal wave because its dis-
persion is not obvious. Further, for a power distribution net-
work with a single type of distribution line (overhead line or
cable), the velocity of the aerial modal traveling wave can be
regarded as a constant [14]-[19]. Thus, in this paper, the mea-
sured voltages are converted to their modal components by
means of the Clarke transformation [21], and the aerial modal
component (modal 1) is used for fault location.

B. DETECTION OF THE FIRST ARRIVAL TIME OF THE
FAULT-GENERATED TRAVELING WAVES

In this subsection, the first arrival times of the fault-generated
traveling waves are detected. Several methods for this step

VOLUME 7, 2019



R. Chen et al.: CFTD-Based Fault Location Method for Branched Power Distribution Networks

IEEE Access

are available in the literature, such as the S transform method
[16], [22], [23], the wavelet transform method [24], and the
Park transformation [25]. Notably, the aim of this paper is
to demonstrate the performance and advantages of the pro-
posed fault location method, not to evaluate the performance
of traveling wave detection methods. In this paper, the S
transform is used to detect the first arrival times of the aerial
modal traveling waves since it has the advantages of both
multiresolution analysis and single-frequency analysis [16],
[22], [23].

The S transform is a classical signal processing method,
and its basic principle has been detailed in [16], [22], [23] and
is not repeated here. In this paper, only the S transform-based
detection method for the first arrival times is described. The
output of the S transform is a complex matrix usually known
as the S matrix, whose columns pertain to time and rows
pertain to frequency. Furthermore, the detection method can
be described as follows [22]: calculate the modulus of each
element within the row vector corresponding to the frequency
fs; the sampling time corresponding to the maximum modu-
lus is the first arrival time of the traveling wave. In general,
the arbitrary frequency contained in traveling waves can be
set to fs.

C. SEARCH OF THE FAULT POINT

In this subsection, a CFTD-based fault-location method is
presented. Assume that a fault occurs at an arbitrary position
in a power distribution network with N terminals, N TWDs
(one per terminal), and X reference points. Next, assume that
the first arrival times of the fault-generated traveling waves
recorded by the TWDs are denoted by #y, to #\,, . Regarding
tM; (i € N) as the reference time, (1), (2), and (3) are rewritten
as (15), (16), and (17), respectively:

IR,M;
CFTg,, (tw;, tv;) = tm; —

;=) (15)
lRmMi - lRmM/
ACFTijj_,'p = CFTRm(tM[. s th) — CFTRm (tMl., l‘Mp) (16)

wherej € [2,N — 1]andp € [+ 1, N].

N-1 N
CFIDg,i= |>_ Y (ACFTg, ;) (7
J=1 p=j+l1
J#L pF
where CFTDg,, ; is the CFTD for R, with reference time ;.
Similarly, CFTDg,, ; comprises G items.

CFTD for reference point R, (m € X) can be calculated,
and an array CFTD; = {CFTDg, ;...CFTDg,, ;.. .CFTDg, ;}
can be obtained. According to the analysis in Section II,
the value of CFTD for the fault point is theoretically equal to
zero. However, in practice, the CFTD would be a very small
value due to the impact of arrival-time errors and calculation
errors. Therefore, the reference point corresponding to the
minimum in CFTD; is considered the fault point, and this
reference point is denoted by Reayj;.

Then, an arbitrary TWD is set as the reference TWD,
denoted by M*. The fault distance I+ ; between Reyyye and
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M* can be obtained:

v = LRgyyM* i (18)

where the subscript i is the serial number of reference time.

By regarding each arrival time as the reference time, N
fault distances can be calculated, and the fault distance array
L = {lpme1---lemei- - - I+ } can be obtained. An analysis
of (15), (16), (17), and (18) indicates that the accuracies of
the fault distances in L are dependent on how accurately
the arrival times are recorded. If the arrival times are highly
accurate, then the fault distances in L are equal, and each fault
distance presents the actual fault distance with a high accu-
racy. If the arrival times are inaccurate, the arrival-time errors
result in decreases in the accuracies of the fault distances in
L. The fault distances with lower accuracy can be considered
“bad” data. In this paper, the quartile method is used to
eliminate the bad data in L to improve the fault-location
accuracy; this process is described in the next subsection.
Then, the average value of the normal data in L is the final
fault distance.

D. ELIMINATION OF THE ABNORMAL DATA

In this subsection, the quartile method [26] is used to elim-
inate the bad data in L. According to [26], the interquartile
range of L is given by:

Ior = 03 — Q1 (19)

where Ipg is the interquartile range of L and Q1 and Q5 are the
first quartile and the third quartile, respectively. The method
for computing Q1 and Q3 is given in [26].

Furthermore, I+ ; (i € N) outside the boundary shown in
(20) can be considered as the data. Then, the average value
of the normal data in L, that is, the final fault distance, can be
calculated.

[Fiin, Fmax] = [Q1 — 1'51QR1 03 + I.SIQR] (20)

E. ADAPTATION OF THE PROPOSED METHOD FOR
OVERHEAD LINE-CABLE HYBRID DISTRIBUTION
NETWORKS

According to (15), (16), and (17), the CFTD is independent
of the traveling-wave velocity. Thus, the proposed method
has an advantage that the fault-location accuracy does not
affect by the traveling-wave velocity. However, this advan-
tage requires the invariable traveling-wave velocity. For an
overhead line power distribution network or a cable distri-
bution network, the dispersion of the aerial modal traveling
waves is stable, and the velocity of the aerial modal trav-
eling wave can be regard as a constant. For an overhead
line-cable hybrid power distribution network, the traveling-
wave dispersion in the overhead line and the cable are sig-
nificantly different due to the differences in the structure
and the conductor size. Thus, the traveling-wave velocity in
overhead lines is different from the velocity in the cables. This
velocity difference decreases the fault-location accuracy of
the proposed method. Converting a cable into an equivalent
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overhead line is a way to overcome the impact of this velocity
difference. The length of the equivalent overhead line can be
calculated by (21) [27]:

Voverhead

leq = lcable (21)

Vcable

where I is the length of the equivalent overhead line, l.aple
is the actual length of a cable, Voyerhead 1S the traveling-wave
velocity in overhead line, and v¢apje iS the traveling-wave
velocity in cable. Voyerhead and veaple can be calculated by
using the parameters of the distribution lines [19].

After converting all cables into the equivalent overhead
lines, the hybrid power distribution network is converted into
an equivalent network consisting of the original overhead
lines and the equivalent overhead lines. In this equivalent
network, the velocity difference between overhead lines and
cables is eliminated, and the traveling-wave velocity in this
equivalent network can be regarded as a constant. Then,
the fault point and the fault distance can be determined by
using the CFTD-based fault-location method introduced in
section IIT C and D. In addition, if the fault path corresponding
to the fault distance contains the equivalent overhead lines,
this fault distance should be converted again to obtain a more
accurate fault distance:

Vcable

I* = (l/ - loverhead) + loverhead (22)

Voverhead

where [* is the actual fault distance, !’ is the equivalent fault
distance (i.e., the fault distance calculated in the equivalent
network), and loverhead 1S the length of the overhead lines
in/’.

Furthermore, (21) and (22) require the parameters of the
distribution lines to calculate Voyerhead and veaple. However,
parameters of the distribution lines are difficult to obtain from
the distribution networks. Thus, in this paper, the experiential
values of Voyerhead and veaple are used for the conversion.
In general, the experiential velocities for the overhead lines
and cables are equal to 98% and 57%—65% of the speed
of light, respectively [20]. Notably, the use of the experien-
tial traveling-wave velocities results in a conversion error,
and this conversion error may cause a fault-location error.
However, the proposed method can overcome the effect of
this conversion error because the redundant arrival times are
used to calculate the CFTD.

F. THE FLOWCHART AND CHARACTERISTICS OF THE
PROPOSED FAULT-LOCATION METHOD

The flowchart of the proposed fault-location method is shown
in Fig. 2. For a real power distribution system, the proposed
method can be implemented by placing measuring devices
at each branch terminal. Furthermore, the measuring devices
required by the proposed method should be able to detect
the fault-generated traveling wave and should be equipped
with a global positioning system (GPS) and a communica-
tion link. In addition, the distance between the two adjacent
reference points should be less than twice the length of
the required fault-location accuracy and able to be flexibly
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adjusted according to the scale of the power distribution
network. Considering the impact of the errors (measurement
error, calculation error, conversion error, etc.) on the fault-
location accuracy, a margin for the distance step should also
be considered. In practice, variable distance steps can be used
to enhance the practicability of our proposed method: the
CFTD is calculated by a large distance step, and the initial
fault point can be determined; then a smaller distance step is
used to calculate the CFTD to determine the accurate fault
point.

YES

Obtain fault-generated three-phase traveling-
wave signals detected at each branch terminal

l

Detection of the first arrival times: apply the Clarke transformation to decouple Phase
components to modal components and detect the first arrival times using the S transform

Convert all cables into the equivalent overhead lines

[
¥

Search of the fault point: Set X reference points in the network and calculate the value of CFTD
for each reference point; determine the fault point and obtain the fault distance array L

’ Convert the data in L again to obtain the actual fault distance

\
r

’ Elimination of the bad data: climinate the bad data in L using the quartile method ‘

l

’ Calculation of the final fault distance: calculate the average value of the good data in L ‘

]

l Final fault distance l

END

FIGURE 2. Flowchart of the proposed fault-location method.

According to (15), (16), (17), (18), and the aforementioned
analysis, the following characteristics of the proposed fault-
location method can be obtained:

1) The proposed method selects the fault point from the
reference points. Therefore, the proposed method does
not require the identification of the faulted branch.

2) The arrival times for calculating CFTD are highly
redundant. Meanwhile, the bad data (i.e., the fault dis-
tances that are seriously affected by the arrival-time
errors) in fault distance array L are eliminated by the
quartile method. Thus, the proposed method is robust
to arrival-time errors.

3) For a power distribution network with a single type of
distribution line (overhead line or cable), the CFTD
is independent of the traveling-wave velocity. For
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an overhead line-cable hybrid power distribution net-
work, the conversion error caused by the experiential
traveling-wave velocities may affect the accuracy of the
CFTD. Howeyver, the effect of the conversion error can
be overcome because redundant data are used to calcu-
late the CFTD. Thus, the proposed method presents a
stability to the traveling-wave velocity.

IV. PERFORMANCE EVALUATION

A. SIMULATION MODEL

The example network in this paper, shown in Fig. 3,
is based on the United Kingdom Generic Distribution System
(UKGDS)’s ‘Rural’ network (11kV) [18]. In total, 15 TWDs
are placed at the branch terminals and labeled M; to M;s.
M| is selected as the reference TWD, that is, M*. For clarity,
the branch points are labeled by to bj;. The distribution
lines in Fig. 3 are all overhead lines, and their lengths are
shown in Fig. 3. The additional network data can be obtained
from [28]. The simulation of the example network is car-
ried out using PSCAD. The PSCAD-generated simulation
data are then imported into MATLAB, where the proposed
algorithm is implemented. In all simulations, frequency-
dependent Marti line models [29] are used to implement the
overhead lines, and a sampling frequency of 10 MHz is used.
For convenience, an identical configuration is assumed for
each overhead line. The distance between adjacent reference
points is 20 m; a summary of the position of the reference
points is shown in TABLE 1. In all the simulations, the Clarke
transformation is used to transform the voltage signals from
the phase domain into the modal domain; then, the S trans-
form is performed on aerial modal (modal 1) voltages. fs is
chosen to be the Nyquist frequency.

Mse ® Mg
IS b
[ 5] (=)
5 3
708m b b 782m
M, o 1o M,
S X
785m 2|, o 806m
M’i} - 3 64’ﬁ M
g Lrg
778m b b 777m
2 7 °
M, & 5 Mo
g g
wle 1116m 1084m | 2™ 207m asom 3P .
R ? by v bio /fl b b b f; Mio
2 o < =
bo F_890m S 2
(U0 S M =] 3
o0 13
~
blf; 3 701m o My, My,
’g Myy
=1
=]
Mise®

FIGURE 3. Example network.

To evaluate the performance of the proposed method,
the percent error for fault location is used:

lfM*.actual - lfM*.calculated % 100 (23)

error % =
ltotal
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where Ipv*actual 18 the actual fault distance, I calculated 1S
the calculated fault distance, and /i, iS the total branch
length.

TABLE 1. Position of the reference points.

Re.f erence Start End Reference point  Start End
point

Ri-Ry18 M, Mo Reoo-Rear bg M;
Ry19-R3 b; Ms  Reas-Ress by M,
R343-R380 b2 M2 R686'R7()3 bS Ml 1
Rig1-Rars b; M;  Riss-Roos by M,
Ra19-Ras2 by My Ri9-Rso b; Mis
R453-R570 blO M5 R880'R922 bll Ml3
Rs71-Reos bs M7 Roxs-Ross bi M4
Rs71-Reos bs M7 Ros-Ross bi M4

B. PERFORMANCE OF THE PROPOSED METHOD

Assume that a single-line-to-ground fault (A-g) with a fault
resistance of 50 Q and a fault angle of 60° occurs at fj
(i.e., R115), 2300 m from M*. The fault inception time is
set to 0.1033 s. The results of S transform and the first
arrival times of the traveling waves are shown in Fig. 4 and
TABLE 2.

1S}
S
S

o
=l
2
100
<
0.1033
Sa,
Mpy;
l’/lng
0.1
1000 3303
,§X31,79)
o I\
3 |
E] I
= I
2500 1
g H
I (0195
‘ @ N%
I~ '"33()&9; 193315 = @_27)
0 5,3) SVAY "4'18) !\'\.45) ~
0.1033 .

S; 0.10331
"Pling .. .
me 0103327~ p, Moo TWD

FIGURE 4. The first arrival times of the traveling-waves. (a) arrival times
detected at M, to Mg; (b) arrival times detected at Mg to M 5.

TABLE 2. Arrival times for the fault at f;.

TWD Arrival TWD Arrival TWD Arrival
time time time
M, 0.1033078 Mg 0.1033084 My 0.1033079
M, 0.1033080 M, 0.1033071 My, 0.1033035
M; 0.1033096 Mg 0.1033059 M3 0.1033088
M, 0.1033108 M, 0.1033044 My, 0.1033101
M;s 0.1033125 M,y 0.1033070  M;s 0.1033095
181977
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The results of CFTD; (i € [1, 15]) are shown in Fig. 5.
This figure illustrates that the value of CFTD is minimized at
the fault position regardless of which arrival time is regarded
as the reference time. The minimum of CFTD; is listed in
TABLE 3. The fault point (i.e., Rgy1t.;) and fault distance (i.e.,
Ipv= ;) are also listed in TABLE 3.

L can be obtained from the data in TABLE 3:

L = {2300 2300 2300 2280 2300 2300 2300 2320
2300 2320 2300 2300 2300 2300}

Frin and Frax of L can be calculated through (20) and are
both 2300. Thus, there are no bad data in L. The final fault
distance is 2301.33 m (i.e., the average value of the good
data in L), the corresponding percent error of fault-location
is 0.0067%.

TABLE 3. Results of the minimum CFTD, fault point, and fault distance for
the fault at f,.

Serial Reference  Minimum Reats Inges ()
Number Time of CFTD; pult FM™
1 ty 19.9385 Riis 2300
2 38 19.6385 Riis 2300
3 tvs 19.0473 Riis 2300
4 [iVR 18.6348 Rig 2280
5 tMs 17.4811 Riis 2300
6 Mo 18.7573 Riis 2300
7 vy 20.3810 Riis 2300
8 g 18.2356 Riis 2320
9 o 17.7408 Riis 2300
10 Iy 20.3844 Riis 2300

11 ta 19.7941 Rus 2320

12 vy 17.5869 Ruis 2300
13 v 18.8376 Ruis 2300
14 3V 18.6806 Ruis 2300
15 Ivis 18.9907 Riis 2300

C. PERFORMANCE OF THE PROPOSED METHOD
CONSIDERING ARRIVAL TIME ERROR

The accuracy of the proposed method depends on how accu-
rately the arrival time can be recorded. Therefore, two sit-
uations are considered: 1) a single arrival time with a large
individual error; and 2) all arrival times have errors, which
are all different. In both situations, the aforementioned fault
at f1 is used for analysis.

1) SIMULATION WITH A LARGE INDIVIDUAL ERROR
Assume that an error of 20 s is imposed on #y, , and no error
is imposed on the other arrival times. The simulation results
are listed in TABLE 4.

From TABLE 4, the corresponding L can be obtained:

L = {1700 2300 2280 2160 2100 2300 2300 2320
2300 2300 2320 2380 2380 2360 2380}

Fnin and Fiax of L can be calculated, those are 2212 and
2352, respectively. Then, the bad data can be obtained and are
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FIGURE 5. The value of CFTD. (a) CFTD, to CFTDs; (b) CFTDg to CFTD,(;
(c) CFTD,, to CFTD;s.

1700, 2100, and 2160. Furthermore, the final fault distance is
2291.66 m, and the percent error of fault-location is 0.0426%.

Notably, in TABLE 4, the fault distances derived by
CFTD; to CFTD 5 are much more accurate than the distance
derived by the CFTD;. To demonstrate the differences in
accuracy, CFTD| and CFTD,, shown in Fig. 6, are used
for analysis. It is observed that, in general, individual arrival
time error leads to a decrease in the value of the CFTD
across all reference points. However, this effect depends on
which arrival time has an error and the selection of the
reference time. Furthermore, in this situation, CFTD; and
CFTD; comprise 956 CFTDg,, 1 items and 956 CFTDg,, »
items (m € [1, 956]), respectively. According to (15), (16),
and (17), both CFTDg, 1 and CFTDg,, comprise G items.
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TABLE 4. Results for a simulation with a large individual error.

Serial Reference ~ Minimum R I (m)
Number Time of CFTD; fault M.
1 M, 19.6122 Rgs 1700
2 M, 19.6007 Ryis 2300
3 s 18.9055 Ry 2280
4 vy 17.9183 Ry 2160
5 s 17.0301 Ryos 2100
6 I 27.8208 Ryis 2300
7 My 19.9159 Ryis 2300
8 tng 17.7102 Ry 2320
9 o 17.1072 Ryis 2300
10 vy 19.9023 Riis 2300
11 My, 18.8270 Ryis 2300
12 v 17.0087 Riis 2280
13 s 17.8429 Ris 2280
14 Iy 18.0808 Ri; 2260
15 tM15 178979 R]14 2280

—
=
02
@)
w2
S oL L % Lol
20 F--, L
< Rt (115,19.6385), no error
19 + Rpaun2: (115,19.6007), 20 pus 1
Reur1? (85.19.6122), 20 ps ___g’;;llg:: 10 irsroi
18 —— CFTD, no error
---CFTD,, 20 ps

17 . . : - . .
0 100 200 300 400 500 600 700 800 900 956
Reference Point Number

FIGURE 6. Effect of a large timestamp error.

Each item of CFTDg,, 1 includes ty; and is affected by the
arrival time error. Meanwhile, only 13 items of CFTDg,,
include ty1; and are affected by the arrival time error. For this
reason, the decrease in CFTDg,, 1 is much more obvious than
the decrease in CFTDg,, ,, and the fault distance derived by
CFTD; is more sensitive to arrival time error. To improve the
fault location accuracy, the fault distances derived by CFTD
should be eliminated. This is the reason that the quartile
method is used in this paper.

In this situation, if the bad data in L are not eliminated,
then the final fault distance and the corresponding error
are 2230.7 m and 0.3555%, respectively. According to the
aforementioned calculation results, the error is reduced from
0.3555% to 0.0426% after eliminating the bad data, and the
fault-location accuracy is increased by 70%.

2) SIMULATION WITH NONIDENTICAL ARRIVAL TIME
ERRORS

Assume that the error values of —1 s to 1 us are randomly
added to each arrival time. In this situation, five cases are
simulated, as shown in TABLE 5. The fault-location percent
errors of the proposed method are shown in Fig. 7. To bet-
ter illustrate the performance of the proposed method, the
percent errors of the proposed method are compared with the
errors of the existing fault-location method as shown in Fig. 7.
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TABLE 5. Arrival time errors for each case considered.

Arrival Timestamp error (us)
Time Case 1 Case 2 Case 3 Case 4 Case 5
i, +0.5 +0.6 -0.5 -0.7 +0.1
™, +0.8 +0.4 -0.3 +0.7 -0.3
iy -0.1 -0.3 +0.4 +0.2 -0.8
twy —-0.6 -0.2 +0.3 +0.6 +0.7
s +0.2 +0.3 -0.4 -0.3 -0.5
v +0.1 +0.8 -0.9 +0.2 -0.4
vy -1.0 -0.5 +0.4 +0.4 +0.3
g +1.0 +0.6 —0.7 -0.6 -0.6
tmo +0.4 +0.7 —-0.6 -0.3 +1.0
My +0.3 +0.6 -0.5 +1.0 -1.0
Iy, +0.6 +0.2 -0.3 -0.4 +0.3
v +0.8 +0.1 -0.2 +0.6 -0.6
v -0.5 -0.8 +0.9 -1.0 +0.8
v -0.9 -0.4 +0.5 +0.2 -0.7
Ivis -0.4 -0.6 +0.7 -0.3 +0.2
1
L Existing method
osl 0.9494 —— Proposed method
0.8464
£ 07643 07540 0791
5 0.6
,_ii L
8 04l
s |
02 |02 00673 go3as  0.0513  0.0837
o\.\.—__./.
0
Case 1 Case 2 Case 3 Case 4 Case 5

FIGURE 7. Error of fault location considering the various arrival time
errors.

The existing method estimates a set of initial fault distances
by using the classical two-terminal traveling-wave method
[18], [27], and the weighted average value of these initial fault
distances is the final fault distance. In general, if the initial
distance is less than zero, then its weight is zero; if the initial
distance is greater than zero, then the average weight is used.
For the existing method, the faulted branch is assumed to be
known.

It can be seen that the maximum and average percent
errors of the proposed method are 0.1172% and 0.0708%,
and the corresponding maximum and average absolute errors
are 22.85 m and 13.80 m. Meanwhile, the maximum and
average percent errors of the existing method are 0.9490%
and 0.8218%, that is, 185.01 m and 160.21 m. Compared
with the existing method, the maximum percent error of the
proposed method decreases by 0.8318% (i.e., 162.16 m) and
the average percent is decreases by 0.751% (i.e., 146.41 m).
The above results show that the fault-location accuracy of the
proposed method is higher than that of the existing method
because of the strong arrival-time error robustness of the
proposed method.

D. PERFORMANCE OF THE PROPOSED METHOD IN THE
OVERHEADLINE-CABLE HYBRID NETWORK

To illustrate the performance of the proposed method in the
overhead-line-cable hybrid power distribution network, the
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line bjp-b’ (i.e., the line between byy and b’) in Fig. 3 is
modified from the overhead line to the cable. The velocities of
the aerial modal traveling wave in the overhead line and cable
calculated by the line parameters are 2.942 x 103 km/s and
1.7052 x 10° km/s, respectively. The aforementioned fault
at fi is used for the analysis. The first arrival times of the
traveling waves are shown in TABLE 6.

TABLE 8. The converted fault distances.

Original ~ Converted  Original ~ Converted  Original ~ Converted
Distance  Distance Distance  Distance Distance  Distance
(m) (m) (m) (m) (m) (m)

2400 2318.52 2400 2318.52 2400 2318.52
2400 2318.52 2400 2318.52 2360 2295.32
2400 2318.52 2360 2295.32 2420 2330.12
2360 2295.32 2380 2306.92 2400 2318.52
2380 2306.92 2400 2318.52 2380 2306.92

TABLE 6. The first arrival times considering the hybrid line.

TWD Arrival TWD Arrival TWD Arrival
time time time

M, 0.1033085 M, 0.1033092 My, 0.1033084

M, 0.1033087 My 0.1033079 M, 0.1033043

M; 0.1033104 M 0.1033064 M3 0.1033096

M, 0.1033117 My 0.1033052 My 0.1033107

Ms 0.1033134 M, 0.1033077  M;s 0.1033101

Since accurate line parameters are difficult to obtain in
practice, a 5% conversion error is considered. Then, the cable
between bjg and b’ is converted into an equivalent overhead
by using (21), and its equivalent length is 344.83 m. The

simulation results are listed in TABLE 7.

TABLE 7. Results of the simulation considering the hybrid line.

Serial

Reference

Minimum

Number  Time of CFTD; Rt loves(m)
1 Iy 20.2831 R 2400
2 I 20.0189 R 2400
3 I 20.7404 R 2400
4 e 19.8065 Ris 2360
5 I 18.8403 Ris 2380
6 I 19.8987 R0 2400
7 ity 19.7704 R0 2400
8 I 19.9123 Rius 2360
9 I 19.4490 Rie 2380
10 o 19.7972 R 2400
11 vy, 20.2867 R 2400
12 Iz 19.0607 Rus 2360
13 My 20.2527 Rin 2420
14 My 20.5819 Ry 2400
15 I 20.6732 Rie 2380

5%, 10%, 15%, and 20% are considered. The fault-location
percent errors of the proposed method and the errors of the
aforementioned existing method are shown in Fig. 8. From
this figure, the maximum and average percent errors of the
proposed method are 0.0342% (i.e., 6.67 m) and 0.0284%
(i.e., 5.54 m). Meanwhile, the proposed method performs
better than the existing method. The maximum percent error
decreases by 0.5762% (i.e., 112 m). The average percent
decreases by 0.5376% (i.e., 105 m).

1
L Existing method
—— Proposed method
0.8
9 F 0.6104 05833
< 0.5403  0.5652 :
§ 0.6 -0.5306
5 L
8 04l
S
s L
02+
Lo.0207 00342 gps6 002097 00318
° o - ° —°
o= o ®
0 5 10 15 20

Conversion Error (%)

FIGURE 8. Percent errors of the proposed method and the existing
method considering the conversion error.

TABLE 9. Errors of fault location under different fault conditions.

It can be seen that the fault path corresponding to each fault
distance Ip\+ ; in TABLE 7 contains the equivalent overhead
line. Thus, Is+; should be converted again to obtain more
accurate fault distances by using (22). The conversion results
are shown in TABLE 8.

From TABLE 8, the corresponding L can be obtained:

L = {2318.52 2318.52 2318.52 2295.32 2306.92
2318.52 2318.52 2295.32 2306.92 2318.52
2318.52 2295.32 2330.12 2318.52 2306.92}

Fin and Fpax of L can be calculated, those are 2289.52 and
2335.92, respectively. Thus, there is no bad data in L. The
final fault distance is 2309.93 m, the corresponding percent
error of fault-location is 0.0509%.

Furthermore, branch M|—-Mg, line Mg—b1,, and line Mg—
b are modified from overhead lines to cables (the percent-
age length of the cable is 34%), and conversion errors of 0,

181980

Fault Fault Fault Fault  Error

location resistance (L) angle (°)  type (%)

f 100 10 A-g 0.0281
f3 500 45 A-g 0.0232
fy 1000 90 A-g 0.0201
fs 1500 135 A-g 0.0299
f; 5 10 AB 0.0189
f3 10 45 AB 0.0175
fy 15 90 AB 0.0104
fs 20 135 AB 0.0167
f; 5 10 AB-g 0.0202
f3 10 45 AB-g  0.0148
fy 15 90 AB-g  0.0136
fs 20 135 AB-g 0.0141
f 5 10 ABC 0.0163
f3 10 45 ABC 0.0152
fy 15 90 ABC 0.0116
fs 20 135 ABC 0.0137

E. PERFORMANCE OF THE PROPOSED METHOD UNDER
DIFFERENT FAULT CONDITIONS

Here, four fault conditions are considered: fault locations,
fault resistance, fault type and fault inception angle. To inves-
tigate the performance of the proposed method, various
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simulation cases are tested, and the fault-location errors are
presented in TABLE 9. In TABLE 9, {5, f3, f4, and f5 are
568 m, 3460 m, 2830 m, and 2235 m from M*, respectively.

It can be calculated that the maximum and average errors
are 0.0299% and 0.0178%, respectively. Therefore, the effect
of fault conditions on the accuracy of the proposed method is
not considerable.

V. CONCLUSION

This paper proposes and validates a novel CFTD-based
method for fault location in branched power distribution net-
works. This method performs better than existing methods
because it does not require the identification of the faulted
branch. In the proposed method, the CFTD calculated by
the first arrival times of the fault-generated traveling waves
detected at each branch terminal is applied to search out
the fault point. The quartile method is used to eliminate the
influence of arrival time errors on the fault-location accu-
racy. It is shown that the proposed method provides results
with high accuracy even if a large error exists in a single
arrival time or nonidentical errors exist in all arrival times.
Moreover, the proposed method presents a strong stability of
traveling-wave velocity, which overcomes the impact of an
inaccurate or unknown velocity in practice.
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