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Fault Location in Power Networks Using a Sparse
Set of Digital Fault Recorders

Cesar Galvez

Abstract—This paper presents a robust fault location method
that can be used for radial or meshed power systems. It addresses
several challenges encountered in previous work such as sig-
nal attenuation by power transformers, measurement errors, the
impact of Inverter Based Power Sources (IBPSs), differentiating
faults from other events. This is accomplished via a KMeans
clustering of DFRs and using a weighted directed tree model
enabling accurate fault location. The proposed algorithm is tested
on both transmission and distribution systems under different
fault scenarios.

Index Terms—Fault location, power system faults, electromag-
netic transients, wavelet transform, traveling waves.

I. INTRODUCTION

ECENT increase in the number of Distributed Energy

Resources (DERs) connected to transmission and dis-
tribution systems via Inverter-Based Power Sources (IBPS)
and the changing configuration of traditional radial systems to
meshed networks introduce new challenges in detecting and
locating fault. Fault location has been a topic of research for
a long time and proposed methods so far can be grouped as
those based on apparent impedance measurements [1], [2],
traveling wave (TW) methods [3], and methods using arti-
ficial intelligence (AI) [4]. Al-based algorithms are mostly
used for fault classification and faulted section identification
and cannot determine the precise location of the fault [4].
Assuming that the faulted line is known, phasor measure-
ments can be used to estimate the fault location as shown
in [5], [6]. Use of sparse estimation approach for fault loca-
tion was initially shown in [7] and later used in [8]-[11].
However, phasor based methods have limitations caused by
unknown fault resistances [12], asymmetry of lines, current
transformer capacitive effects, and the fault ride-through grid
codes [13] that dictate responses of IBPSs under faults affect-
ing the fault location accuracy. On the other hand, traveling
waves (TW) based methods do not have such limitations [14].
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Their accuracy depends on the sampling rates of Digital Fault
Recorders (DFRs). Given the availability of 1MHz sampling
rate fault recorders [15] and the integrated optical sensors for
voltage and current measurements [16], [17], the TW-based
methods developed for transmission systems using wide area
synchronized voltage measurements [18], [19] can be readily
used in distribution networks as well. The computational bur-
den of these methods based on a two-step linear optimization
problem is removed in [20] in particular for networks with
ring type topology. However, it requires a fault recorder at
each bus and does not address previously stated challenges
brought up by DERs. In [21], a method based on time dif-
ferences of recorded faults in hybrid networks is presented,
but its precision decreases in the presence of different cable
parameters. In [22], a minimum detector placement strategy
and fault location based on two invariant graphs are proposed,
but details of detector placement for large grids and impact
of real disturbances in power grids are not provided. In [23],
arrival time differences are minimized to find the fault loca-
tion but the impact power transformers or topology changes
on TW are not addressed.

In our earlier work [14] we have shown that faults could
be detected and located in radial distribution networks in the
presence of IBPS. This was accomplished by placing DFRs
at terminal nodes of all laterals. Despite its high accuracy,
the technique is limited to strictly radial distribution networks.
More recently, this work is extended to locate faults in meshed
distribution networks [24], [25]. However, attenuation of TW
due to power transformers in meshed networks limits appli-
cation of this approach. The method presented in this paper
addresses this and several other shortcomings of the method
in [24], [25]. The main contributions of the proposed algorithm
are highlighted below.

1) For cases where the faulted bus has many incident lines,
the method of [24] is improved via the use of virtual
buses as will be explained in the sequel.

2) The proposed method remains robust against bad data
and synchronization-time errors.

3) Instead of using all DFRs, small clusters are created via
KMeans clustering. Only those DFRs closest to the fault
are identified and used avoiding ToA errors due to the
attenuation of TWs passing through power transformers.

4) An optimal DFR placement strategy is developed
for implementation of the method for any type of
network.

Implementation of the method will be facilitated by an optimal
DFR placement (ODP) strategy based on the approach in [26].
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TABLE I
PROPOSED METHOD [*] VS LITERATURE

8§ 2 8 & &8 X
Large Grids FL x v X X x v
Grids include power transformers X X X X x Vv
FL using a DFR subset X X X X x v
FL using a sub-network X X X X x v
Topology change Robust X X X X X v
FL computation redundancy v oox X X x v
Line-cables Hybrid Network FL voox X X x v
Radial Networks FL vooox x v v Y
Meshed Networks FL x v v v v Vv
FL in both Transmission and Distribu-  x X X X x Vv
tion systems
Harmonics, capacitor and load switch- X X X X X v
ing Robust
Time-synchronization errors and bad v x v x x V
data Robust
DFR Placement Strategy v X v v
DFR placement reduction in radial or  x X x Vv

meshed distribution system

The optimally placed DFRs are synchronized via GPS to regis-
ter the first time of arrivals (ToAs) of faulted-generated voltage
signals using Discrete Wavelet Transform (DWT). The method
can either use the entire set or a subset of DFRs to compute the
fault distance. For large networks with power transformers, the
algorithm clusters DFRs closest to the fault to avoid bad data
and arrival time errors. Otherwise, the entire DFR set will be
used to determine the fault distance. The subset is determined
using the K-Means clustering, which clusters DFRs based on
feature vector formed by arrival times and shortest traveling
times taking as initial reference the DFR closest to the fault.
Using a DFR subset will only use a small sub-network from
the entire network to compute the fault distance, making the
proposed algorithm robust against topology changes.

Having the ToAs of selected DFRs, the proposed algorithm
proceeds in two stages. In the first stage, the entire network is
modeled as a weighted undirected graph and using the ToAs of
all or just clustered DFRs and placing virtual buses the faulted
section is identified as the one yielding the minimum ¢, norm.
The identified virtual bus will belong to the faulted line sec-
tion. The second stage models the shortest travel time routes
from the fault to selected DFRs using a weighted directed
tree network to determine the fault location in a redundant
and robust fashion. Detailed formulation and implementation
of these stages will be described below. A comparison of the
key features of the proposed fault location (FL) algorithm and
several relevant references is shown in Table 1.

II. PROBLEM FORMULATION

A small 8-bus transmission system shown in Fig. 1 will
be used to describe the proposed fault location method. The
model contains wind turbines connected at bus 1, and there are
138KV and 345KV voltage networks interconnected via power
transformers. The meshed system contains four breakers at the
terminals of overhead line and power transformers between
buses 2-6 and 5-8. The system is meshed when the breakers
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Fig. 1. 8-Bus Example System.

are closed, but becomes strictly radial when they are open.
Four DFRs are placed in the network at buses 1, 2, 3 and 4.
Consider the fault F1 occurring along the line section formed
by 345KV overhead lines and cables as shown in Fig. 1. While
the proposed method is illustrated for a meshed transmission
network, it can also be used in distribution networks, as will
be shown in the simulation section.

A. Placement of DFRs

1) DFR Placement in Radial Distribution Networks:
The DFR placement in radial networks uses the procedure
proposed in [14], where a DFR needs to be placed at the
terminal bus of every lateral. Doing this, the shortest routes
formed by DFR pair combinations will cover all network
edges. Assuming that the breakers are open, the 8-bus system
of Fig. 1 will be strictly radial. Thus, one DFR will be placed
at the terminal buses 1, 2 and 3 to ensure that any fault in the
system will be identifiable.

2) DFR Placement in Meshed Transmission Networks: In
meshed transmission networks, DFRs are placed in two stages.
First, one DFR will be placed at the terminal bus of each lat-
eral. Next, the optimal DFR placement (ODP) method of [26]
is used to install the rest of the DFRs to make any fault in the
system identifiable. The ODP problem can be formulated as a
linear integer programming problem:

N
minimize Zwi - X (H
i=1
s.t. [AlIXI=b 2)
where,
A= l@ijly v
X =[x, X2, X3, W
b=1[1, 1, 1,..., 115,
lifi=j
a;j =4 1if i and j are connected.

0 otherwise

X is a binary vector whose entries x; will be 1 or 0 if a DFR
is placed at bus i or not, and w; is the installation cost of the
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DFR at bus i. In the above problem, the corresponding binary
variables will be initially set equal to 1 for those buses with
already installed DFRs. Four switches in the 8-bus system of
Fig. 1 will be closed to create a meshed network. Hence, in
the first stage, two DFRs will be installed at lateral terminals
1, and 3. Therefore, x; = 1 and x3 = 1 in vector X. Then,
ODP method will be applied to place the remaining DFRs,
which yields two additional DFRs at buses 2 and 4. Note
that each installed DFR will only measure voltages. Unlike
PMUs which measure both voltage and current phasors, in
this approach voltage measurements made by DFRs will be
sufficient to estimate the precise fault location.

3) DFR Placement in Meshed Distribution Networks: DFR
placement in meshed distribution networks uses the same
procedure as meshed transmission system. However, meshed
distribution systems typically have many laterals connected to
the main meshed network. Hence, total number of DFRs can
be reduced by placing a DFR at each lateral line terminal
as done in radial networks. As an illustration, consider that
switches S2 and S6 in Fig. 1 are opened. This will yield a
network with three lateral lines connected to a ring formed by
buses 5, 6, 4, and 8. Here, installing DFRs at the terminals of
each lateral will be sufficient to locate any fault in the system.

B. Initial Considerations

The transmission and distribution conductors used in this
work are modeled using Frequency Dependent (FD) dis-
tributed line model [27]. Three-phase voltage signals captured
by DFRs are transformed from phase to modal domain using
Clarke Transformation [28]. Voltage signals in modal domain
are decomposed into five wavelet transform -coefficients
(WTCs) using the Discrete Wavelet Transform (DWT) and the
mother wavelet Daubechies2 (DB2) [29]. The WTCs at level 1
(D1) are then processed to determine the first arrival times
due to their rich high-frequency content. Finally, to reduce the
noise in WTCs, these signals are squared to obtain WTC? as
also done in [3].

C. Selecting an Optimal Subset of DFRs

Fault location in large meshed grids with a limited number
of DFRs is challenging due to the long line lengths as well as
the ground connection of power transformer neutrals, which
attenuate the fault-generated TWs. For instance, the TW gen-
erated by a fault at FI in Fig. 1 will be correctly captured
by DFRs 1 and 2 due to their proximity to F1. However, it
will be attenuated by TR2 transformer before reaching DFRs
3 and 4. In addition, long line lengths further increase atten-
uation of the TWs captured by DFR4. Therefore, using ToAs
recorded by all DFRs may yield incorrect fault distance esti-
mates. Instead of using the ToAs recorded by all available
DFRs, a subset of DFRs can be strategically selected. This is
accomplished by using K-Means clustering on the 2D feature
vector x! given by:

XD = (1, 1) 3)

where, x® is the 2D feature vector forp DFRs,i=1,2,...,p.
t; is the ToA recorded by DFR; and t(x ) is the shortest travel
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time, where R is the reference bus with the earliest ToA and j
refers to other DFR buses. For a fault at F1 in 8-bus example,
R = 2 being the reference bus, the shortest travel times are
computed from bus 2 to buses 1, 3 and 4. Alternatively, mag-
nitudes of squared wavelet transform coefficient (WT'C?) can
also be added to x® to create a 3D feature vector as depicted
in (4). The 3D feature vector x) will yield the same cluster as
2D, but it will illustrate the attenuation of TWs as they pass
by a power transformer. Logarithm is used for WI'C? to better
visualize clusters.

X0 = (ti, k). loga(WICE + 1)) (4)

The K-Means algorithm [30] is then used to determine suit-
able assignments of clusters (Cy, ..., Cy). It first selects the
cluster number k using the well-known elbow method [30].
Next, the representatives of each cluster (zy, ..., 2x) are ran-
domly selected and then the process is repeated to find the
clusters using:

N
Cost(Cy, ..., Cy) = i
ost(Cq ) Z,rlan

‘x(i) - ZjH 5)
=177

Given Cy, ..., C find the best representatives 2y, .., zx so that:
. 2
zj = argmin, ZH)C(’) — ZH (6)
ieC;

For the fault at F1 in Fig. 1, K-Means will yield the clus-
ter DFR;,i = 1,2 and 3 due to their proximity to the fault.
Using the three DFRs will yield an accurate fault location.
K-Means is relevant for fault location in large networks con-
taining thousands of buses since the proposed method uses
only a small tree-like sub-network around clustered DFRs.
Hence, any topological change outside of the sub-network will
have no impact on algorithm performance.

D. Proposed Fault Location Method

The proposed method has two stages. First, the network
is modeled as a weighted undirected graph denoted by G =
(v, e, T), where v is the set of buses or nodes with size n, e is
the set of edges or lines with size L in which L > n — 1, and
7 is the set of weights with size L represented by the travel
times 7; for each edge i. The travel times 7; (ws) are computed
by (t; = Il;/vi = l;/L;.C;), where [; is the line length, and v;
is the wave speed for the edge i. Also, it can be computed
using the conductor capacitance C; and inductance L; per unit
length. Depending on the presence of power transformers in
large grids, all or a subset of available DFRs will be selected.
Then, the weighted undirected graph will be used to identify
the bus closest to the fault based on the minimum £;-norm of
ToAs captured by DFRs. This bus will be referred as the fault-
closest bus in the sequel. The faulted section is then identified
by placing virtual buses along each edge incident to the fault-
closest bus and re-calculating the “fault-closest bus” among
the virtual buses. This will yield the faulted edge containing
the fault-closest virtual bus. The second stage determines the
shortest routes from the fault to all DFRs or clustered DFRs
using a weighted directed tree graph to estimate the ToA vec-
tors at each terminal bus of faulted section. In addition, the
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tree graph enables the use of all possible ToA pairs to compute
the fault distance. Hence, it will increase the estimation redun-
dancy and robustness against errors in ToA. Finally, using the
two-terminal fault location method presented in [14], fault will
be accurately located.

1) Identifying the Faulted Section Using Virtual Buses:
Depending on the network type, the algorithm first places
strategically DFRs based on the approach presented in
Section II-A. In the 8-bus example system, the algorithm uses
the optimal DFR placement (ODP) to install four DFRs, DFR;,
i =1,...,4 in the network. The weighted undirected graph
G = (v, e, 7) is then used to identify the fault-closest bus and
faulted section. Considering the fault at F1 in Fig. 1, DFR2
will be the reference and ToAs registered by DFRs at buses
1, 2, 3, and 4 will be stored as:

TOAlT:[l‘l Hh 13 t4] 7

The relative 7oA, vector with respect to DFR2 can be
formed as:

oA =[th—th b—t) 53—t t4—1)] (8)

The following p x n matrix can be formed showing the shortest
travel times between buses:

1 2 n—1 n

1 0 712 - TL@m=1) Tin

2 |1 O © T(—1) T2
A= 3 | 131 131 - Tu=1) Ba &)

p Tp.1 Tp2 © Tp.n—=1) Tpan

where p is the number of buses with DFRs and 7 is the number
of buses in the network. Now, define a p x p matrix D as:

1 k 3 p—2p—17p

1 1 —1 0 0 0 0

kK |0 0 0 .- 0 0 0
D=3 |0 -1 1 0 0 0| (10)

p |0 -1 0 -0 0 1

where k is the reference DFR bus and column k contains all
“—17s except for the k row which is 0. Taking the product of
D and 14, a reduced relative ToA matrix 7,,4 can be obtained:

(1)

Tred = D x TA
pxn PXp  pxn

Subtracting 7oA, of (8) from every column of .4, a travel
time mismatch matrix At is obtained as:

AT = Tpog — [ToA2][1 11 -+ 1]

pxn pxn px1 1xn

(12)
The fault-closest bus j will then be given by the bus that

minimizes the £, norm given by:

£G) = min(lAg: j € (1.2.....n) (13)

For the fault at F1 in Fig. 1, j = 2 and n = 8. Once the
fault-closest bus (bus 2) is identified, the faulted section can
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be identified by placing virtual buses along the incident edges
connected to bus 2. In long line lengths, the number of virtual
buses for each incident edge will be estimated by rounding
their incident edge weights 7., to their nearest integer, where
7., are the travel times (us) of incident edges u = 1,2, ..., w.
Therefore, the total number ¢ of virtual buses for the entire
network can be estimated as follows:
£ =Tey +Tey o+ Tay (14)
In the case of short line lengths (e.g., smaller than 1 km),
installing a small number of virtual buses (e.g., 5 or 10 fic-
titious buses for each incident edge) will always lead to the
identification of faulted section. Each incident edge must have
equally spaced fictitious buses. The 74 matrix will then be
modified to add these virtual buses as shown below:

1 2 ... n n+1 n+e

1 0 712 Tin | TL(n+1) Tl.(n+e)

2| w1 O T | T2.(nt1) 2. (nte)
=3 | 11 T T3 | T3.(41) T3.(n4¢)
p 1 Tp2 Tp.n | Tp.(n+1) Tp.(n+e)

15)

Likewise, the 7,.,4 and At matrices are modified to include
the fictitious buses as below:

k *
Teg =D x 14 (16)
pxtnte) PP px(rre)
At* = 15, —[ToAx][1 11 --- 1] (17
pxm+e) by (nte) px1 1% (n+¢)

The fault-closest virtual bus y will then be given by the bus
that minimizes the ¢, norm given by:

(o) =min(J ATz y€ (1.2, (n+e)))  (18)

where y represents the fault-closest virtual bus, which will
reveal the faulted line section. In the example system of Fig. 1,
the incident edges (2-5, and 2-6) to bus 2 are split into equally-
spaced line sections by placing 300 and 200 virtual buses
to their incident edges and the faulted line is thus identified
as the edge 2-5. Knowing the fault-closest fictitious bus, a
preliminary estimation of fault distance X, can be made by:

X, = Tf-vs (19)
where 17 is the travel time from the fault-closest virtual bus to
the fault-closest bus, and V; is the travel time modal speed of
the faulted section. This first computation is straight-forward,
but not precise and it doesn’t create redundancy in the fault dis-
tance computation compared to the following approach using
a weighted directed tree network. Note that if the K-Means
clustering is utilized only a subset (DFRs 1, 2, and 3) from
all existing DFRs will be used to identify the fault-closest bus
and faulted section.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 07,2023 at 02:43:25 UTC from IEEE Xplore. Restrictions apply.



3472

Q.iou‘
Ops 433.3s) 50us ‘

33.3us

Ops f 00ps
100us
Fig. 2. Directed Tree from the Fault to the DFRs.

2) Finding the Shortest Path Directed Tree: Once the
faulted line section is identified, the shortest travel time routes
from fault to the DFRs can be visualized by a “weighted
directed tree” as shown in Fig. 2. This facilitates the esti-
mation of ToAs at each terminal bus of the faulted line and
provides redundancy in the fault distance computation, making
it more robust against bad data and ToA errors.

In Figure 2, the fault location F1 is indicated by green,
terminal buses of the faulted line by yellow, DFR locations by
red and remaining buses by blue. Note that bus 2 is circled in
red to indicate the presence of DFR 2. The shortest paths taken
by the fault traveling wave from F1 to DFRs are equivalent to
the shortest paths from the terminal buses 2 and 5 to DFRs.
Hence, the shortest travel time 7; from each terminal bus to
the DFRs can be calculated by:

N
5, k) = Z 7
j=1

where: i = a, b, correspond to terminal buses of faulted sec-
tion, and k =1, 2, ..., p, are the DFR indices. 7; is the travel
time of line section j along the shortest path from each terminal
bus to the DFRs, and N is the number of line sections in the
shortest path. The shortest path travel times for each terminal
bus computed by (20) are then stored in the vectors 7, and 3
as shown below:

(20)

Ta = [Tal Taz Ta3 ‘Cap] (21)
Ixp
T = [‘Ebl Th, Ths ‘L’b,,] (22)
I1xp

Moreover, the ¢, and f, arrival time vectors at each terminal
bus of the faulted line can also be computed by (23) in (24),
where, ToA is the vector containing the ToAs of p DFRs.

t, =ToAT — 7, (23)
1xp 1xp Ixp
ty = T0A1T -1 (24)
1xp 1xp Ixp

Once the vectors 7, and 7, are computed, distance to the fault
can be estimated by forming arrival time pairs and using the
two-terminal fault location method presented in [14]. However,
only one of the two arrival times stored in these two vectors
will be the true value since the shortest path may be through
one (bus 2) or the other (bus 5) terminal bus. Thus, the vectors
t, and t, are evaluated as below in order to find the correct
ToAs corresponding to the shorter path between those from
the two terminal of incident edges to the DFRs.

W) {o if 70) = ()

t,(j) otherwise (25)
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Fig. 4. Faulted Line Section.

0 if 5 () = 7))

tp(j) otherwise (26)

w(j) = {
where j are the indices at each vector. For the above example

of Fig. 2, 7, and 71}, vectors will be as given below:

) = [233.33,us Owus 350us 666.67,us]
T5 = [133.33,us 300us S0us 433.33/LS]

27)
(28)

Using (25) and (26), the vectors 7, and t, will be given as
below:

n=1[0 ta 0 0]
ts = [tbl 0 1, th4]

(29)
(30)

Note that three arrival time pairs can be formed using the
vectors 7, and t5. Hence, there are three possible ToA pairs
that can be used to compute the fault distance. In the exam-
ple where a subset of DFRs (DFRs 1, 2, and 3) clustered by
K-Means, is used for fault identification, the tree graph will be
as shown in Fig. 3. This configuration also will yield a precise
estimation of fault distance but only using a pair of ToAs as
below:

1 = [0 la, O]
ts=[tn, O tp,].

3D
(32)

3) Determining the Fault Occurrence Time tp, Faulted
Section Sp, Fault Distance Xp Arrays: Having identified the
faulted line section (a — b), and the arrival time vectors 7, and
tp, computed at each terminal bus of faulted section, the fault
location problem can be solved by the two-terminal method
described earlier in [14]. Consider the faulted line section of
Fig. 4 to derive the vectors of the fault occurrence time fp,
faulted section Sp and the fault distance Xp. Note that the
different colors along the faulted line section in Fig. 4 rep-
resent different conductors such as overhead lines, overhead
and underground cables. This line-cable hybrid configuration
have traveling wave modal speed differences which impact
in the precision of fault location. However, identification of
the faulted incremental line section along this line section
will enable accurate estimation of the fault distance. Detailed
derivation of the method, and demonstration of its validity are
already presented in [14]. Therefore, only a brief overview of
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the approach will be given here. The number of arrival time
pairs n formed by 7, and #, to estimate the fault distance is
given by n = i x j, for p = 1,2,...,n, where i and j are
the number of arrival times stored in #, and 7, respectively.
Each arrival time f, and I and traveling times t; for each
section k from buses a and b are used in (33) to estimate the
fault occurrence time #7 ) for each arrival time pair and whose
values are then stored in vector #p as given in (34).

N
1
) = 5\t 1= 2 (33)
k=1

= [t 15 1

z‘frzfl tfn] (34)

The fault occurrence times i stored in #;p are then used
to find the faulted sections s, for n pairs, which must satisfy
the condition:

S(p)
ty =ty < D Tk (35)
k=1

These computed sections are then stored in an vector Sp:

SD=[S] §2 83 Sn—1 Sn] (36)

For s() = 1, the fault distances X(,) can be computed by:

Xp) = VS(p) (tai - tf(]))) (37)

Otherwise, for s > 2 the following expression must be
used:

s —1 s ~1
Xy = Voo | tai = tr(p) — Dou|+ D) ine (39
k=1 k=1

where: V) is the faulted section aerial modal speed (mode 1),
7t and Vj are the travel time and aerial mode velocity for
each line section k. The computed fault distances X, are
stored in the fault distance vector Xp. These distances in Xp
must be approximately equal. Therefore, their “median” is
used to detect and remove outliers from Xp. Finally taking
the “mean” of remaining entries in Xp will yield the accurate
fault distance.

Xp=[X1 Xo X3 -+ Xn—1 Xu). (39)

E. Differentiating Between Faults and Other Disturbances

A practical concern is differentiation between faults and
other disturbances such as switching capacitors, sudden load
changes, and high-frequency harmonics. Short-circuits mostly
occur along lines, while capacitor switching and sudden load
variations always occur at substation buses. Therefore, the
identified location can be used as one discriminating fac-
tor. Furthermore, the recorded transient voltage at the closest
DFR to the disturbance will easily confirm if it is a switch-
ing event or a fault. Additionally, the proposed algorithm is
robust against high-frequency harmonics. Transients generated
by short-circuits are higher than the harmonics whose WTC?
values remain insignificant compared to faults.
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Fig. 5. Flowchart of Proposed Fault Location Method.

F. Flowchart of Fault Location Method

Figure 5 shows the flowchart for the implementation stages
of the proposed fault location algorithm. It starts with stage
1 where the ToAs are extracted from recorded fault transients
and network is modeled as a weighted undirected graph. For
large networks with power transformers, DFRs are clustered
by K-Means method. Otherwise, all available DFRs are used.
ToAs of all DFRs or selected DFRs along with the undirected
graph are used to identify the “fault-closest bus”. Then virtual
buses are placed along its incident edges to identify the faulted
line. In stage 2, a weighted directed tree network is used to
form arrays of travel times (tr, and 1) and arrival times (7,
and 1) for the faulted line terminals a-b. Using (25) and (26)
the correct ToAs are determined for 7, and 7;,. These are then
used by the two-terminal fault location method to compute the
arrays t;p, Sp, and Xp. Finally, outliers are removed from Xp
by using the median and the precise fault distance is found
by calculating the mean of remaining Xp entries. Hence, the
main technical contributions and advantages of the proposed
fault location method are highlighted below.

1) The presented approach can be used for any type
of meshed or radial power network. Optimal DFR
placement strategy for both types of systems are also
described.

2) ToA errors due to TW attenuation of fault-generated
travel waves passing through power transformers are
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avoided by selecting a subset of DFRs using K-Means
clustering method.

3) Modeling of shortest paths from fault to DFRs using the
weighted directed tree graph enables the use of all possi-
ble DFR pairs to estimate the fault distance. Hence, the
proposed fault distance estimation has significant built-in
redundancy.

4) The proposed algorithm is robust against bad data, time-
synchronization errors, and network topology changes.
It can accurately estimate the fault distance using either
a subset or the entire set of DFRs. Since this leads to
including only the shortest routes between the fault and
selected DFRs, topology changes will not impact the
method’s performance unless they occur along any of
these shortest routes. Finally, use of the median in Xp
facilitates detection and removal of outliers from Xp,
making the proposed method even more robust against
erroneous data and synchronization-time errors.

5) Use of the travel times of each line section eliminates
the TW modal speed differences in hybrid line-cable
sections. Since the two-terminal fault location method
of [14] is used for the identified faulted line, the issue
of TW modal speed differences is eliminated since the
specific faulted line section along the faulted line will
be determined before estimating the fault distance. Thus,
the non-homogeneity of hybrid line-cable sections will
not impact the accuracy of the proposed algorithm.

6) Load or capacitor switching events and faults are differ-
entiated by their location (switchings cannot occur along
lines but at substation buses) as well as by inspecting
the voltage transients recorded at the closest DFR, char-
acteristics of switching events are easily identified and
differentiated from faults.

7) High-frequency harmonics have no impact on the
proposed algorithm’s precision. Plot of WT'C? magni-
tudes shows that harmonic distortion remains impercep-
tible in the presence high-frequency transients generated
by short-circuits.

III. PRACTICAL IMPLEMENTATION
A. Simulation Model for Transmission Networks

The IEEE 118 bus system shown in Fig. 6 whose model data
for EMTP-type simulation studies developed by CIGRE [31] is
used to validate the fault location algorithm for meshed trans-
mission networks. The model includes 138KV and 345KV
voltage networks interconnected via nine power transformers.
Seven lateral lines connected to the meshed network are iden-
tified in Fig. 6. Therefore, seven DFRs are manually placed
in these line terminals. Twenty-eight additional DFRs are
installed in the meshed network following the approach of
the Optimal DFR Placements(ODP). In total, 35 DFRs are
required to make any fault identifiable in the system. The tran-
sient simulations are carried out by using a sampling frequency
of 1IMHz in order to maintain high accuracy. Besides, the volt-
age signals captured by DFRs are exposed to White Gaussian
Noise of 70db. Four wind parks of 443.42MVA capacity are
installed at buses 10, 26, 65 and 116 as shown in Fig. 6. Each
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wind farm includes Full-Size Converter(FSC) Wind Turbines
266 connected at buses via a park power transformer of rat-
ing 500 MVA, 34.5/345KV and whose Inverter-Based Power
Sources(IBPSs) is set to operate in voltage-controlled mode at
1 p.u. Each turbine is rated to deliver 1.667 MVA. The FSC
WT uses a permanent magnet synchronous generator(PMSG),
and the ac-dc-ac converter system consists of two voltage
source converters(VSCs): machine side converter (MSC) and
grid side converter (GSC). The MSC converts the 0.575KV
provided by PMSG to 1150 VDC link voltage, and the GSC
converts the DC link voltage to 34500 VAC. The grid collector
estimated for the interconnection of each wind farm into grid
are R = 0.02Q2, L = 0.06mH, and C = 47uF. The model also
includes a wind park controller (WPC), which controls reactive
power at the point of interconnection (POI). The converters are
modeled using the Average Value Model(AVM) type converter,
whose detailed model can be found in [32]. Furthermore,
in order to illustrate the performance of the proposed fault
location approach in the presence of renewables with fault
ride-through (FRT) features, the controls of four wind farms
are accordingly simulated following the recommendation of
ISO-NEW England [33].

B. Fault Simulations in Transmission Networks

1) DLG Fault at 10 km From Bus 15: A double-line-to-
ground (DLG) fault (F1) shown in Fig. 6 occurs along the
49.35 km hybrid line-cable branch connecting buses 15-33,
10 km from bus 15. The fault is simulated assuming a 30 2
fault resistance and a 30° fault inception angle, which is set
to 30.69ms. Due to the presence of power transformers, only
a subset of DFRs will be selected by the K-Means method
based on their feature vector x® formed by ToAs (#;) and
shortest travel times (t(z ;). Here, DFR15 at bus 15 is used as
the reference being closest to the fault. These shortest travel
times used in x are computed using the graph of Fig. 7. For
this case, selecting the blue cluster of DFRs 15, 17, 37, 34,
29, 21, 12, 117, 114, 5 and 3 as shown in Table II and Fig. 8
are sufficient to estimate the precise fault location. These 11
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Fig. 7. Weighted Undirected Graph For IEEE 118 Bus System.
TABLE II
ToA(MS) FOR FAULTS F1, F2, AND CAPACITOR
DFR ToA F1 DFR ToA 2 DFR ToAcap
15 30.758 10 32.44 75 33514
17 30.849 5 32.69 77 33.779
37 31.037 12 32.82 73 33.896
34 31.053 117 32.83 116 33.921
29 31.101 3 32.83 80 34.055
21 31.141 - - -
12 31.148
117 31.156
114 31.220
5 31.284
3 31.360
87, 110 nz. "
—~2500 ° ¥ Yo
) & 105.
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Fig. 8. K-Means Clustering for F1 in IEEE 118 Bus System.

Fig. 9.

£>-Norm Estimation For F1 in IEEE 118 Bus System.

ToAs of clustered DFRs circled in red in Fig. 7 are then used
by the minimum ¢>-norm method to identify the closest bus to
the fault. Bus 15 in Fig. 9 is identified as the fault-closest bus,
which is also indicated by the green circled node in Fig. 7.
The algorithm then selects five incident edges connected
to the fault-closest bus, which are the magenta edges 15-13,
15-14, 15-17, 15-19, and 15-33, as shown in Fig. 7. The next
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Fig. 10. Directed Tree Model For Fault F1.
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Fig. 11. Faulted Section for the F1 Fault.

step is to place virtual buses along the selected edges to iden-
tify the faulted line. The virtual bus number in transmission
systems is selected by rounding the traveling time of each
incident edge into their nearest integer. Hence, 323 (15-13),
280 (15-14), 92 (15-17), 117 (15-19), and 226 (15-33) vir-
tual buses are installed equally spaced in each incident edge
respectively. The virtual bus with minimum ¢>-norm between
buses 15 and 33 is identified.

The next step is to compute the travel times (7, and t5) and
arrival times (¢, and fp) vectors at each terminal bus 15 and
33 using weighted directed tree graph and shortest routes from
each terminal bus to DFRs as shown in Fig. 10. Note that the
incident bus 15 is circled in red to indicate the presence of
a DFR at bus 15. The travel times (us) at each terminal bus
are then computed using (20) and stored in the following two
vectors:

r15=[0 91.87 328.97 312.54 342.31 384.04 390.54
398.21 462.07 524.88 602.11]

1’332[516.74 576.84 187.77 204.2 827.28 666.64 907.28
914.95 947.04 1041.6 1118.8]

The 15 and t33 vectors at each incident bus are computed
using (23) and (24), and whose values are evaluated through
the conditions (25) and (26) to find the correct ToAs to be
stored as below.

ns = [30.758 30.758 0 0 30.759 30.758 30.758 30.758
30.758 30.758 30.758]
133 =[0 0 30.85 30.850 0 0 0 0 0 0]

Finally, having the arrival time vectors #15 and #33 on each
side of faulted line enables the computation of fault location
vectors 34, 36, and 39. Each vector will have n = 18 entries,
which is the possible number of arrival time pairs that can be
formed between elements of 715 and #33. Equations (33), (35),
and (38) are evaluated for all 18 cases. Here, (38) is used
instead of (37) since the faulted section contains a hybrid
line-cable conductor as shown in Fig. 11. The different modal
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Fig. 12. Extreme Outliers generated by Topology Changes.

velocities of different line sections are properly accounted for
before estimating the fault distance.

The proposed algorithm chooses the fault-closest bus 15 as
the reference to estimate the fault location vectors #p, Sp and
Xp as shown below. Taking the median of the entries in Xp,
the influence of bad data and synchronization-time errors are
eliminated. Once the detected outliers are removed, the mean
of remaining entries in Xp will yield the best estimate for fault
distance, i.e., 9.9928 km. Comparing it with the true distance
of 10 km yields a absolute error of 7.2 m.

i = [30.69 30.69 30.69 30.69 30.69 30.69 30.69 30.69 30.69
30.69 30.69 30.69 30.69 30.69 30.69 30.69 30.69 30.69]

SD=|:111111111111111111:|

Xp = [9.938 9.99 9.933 9.994 10 10.06 9.935 9.996 9.942 10 9.955

10.01 9.952 10.014 10.09 10.036 9.959 10.02i|.

2) Robustness Against Topology Changes: As shown
previously, only 31% of DFRs are required to identify the
fault-closest bus and faulted line section for fault F1. Then,
the directed tree network is used to represent the shortest travel
times from fault to clustered DFRs as shown in Fig. 10. Hence,
topology changes outside the tree network will have no impact
on fault location. Moreover, the redundancy created by the
use of directed tree will facilitate detection of outliers via the
median estimation in case of a topology change in the directed
tree. Consider the same fault F1 and five topology changes in
the IEEE 118 bus system of Fig. 6: three line sections (35-36,
39-40, and 22-23) outside and two line sections (29-31 and
32-114) inside the directed tree will be open. The last two
changes only impact the array Xp. However, using median as
the estimator will detect them as extreme outliers as shown in
Fig. 12. These outliers are then removed and taking the mean
of Xp will yield a fault distance of 10.002 km, with an abso-
lute error of 2 m. illustrating the method’s robustness against
topology changes.

3) Performance in the Presence of Gross Errors in
ToAs: Consider the same fault F1 but assume that ToAs
measured by DFRs 3, 21 and 24 have errors of 20us, 15us,
and 30us respectively. As shown in Fig. 8, KMeans cluster-
ing excludes DFR 24 from the selected cluster of 11 DFRs
(marked in blue) to estimate the fault distance. Therefore, its
error will not impact fault location, leaving only the ToAs
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Fig. 14. K-Means For Switching of Capacitor at bus 74.

from DFR 21 and 3 as the two whose errors could affect
fault location. However, taking the median of Xp, fault dis-
tances 11.046 km, 11.107 km, 11.07 km, and 11.132 km are
identified as outliers which are marked in red in the graph of
Fig. 13 where the differences between these distances and the
rest of the estimated distances can be more clearly seen. Note
that the error in ToA of DFR 21 generates two outliers due to
the arrival time pairs created with DFRs 37 and 34. Likewise,
DEFR 3 yields two outliers with the same DFRs 37 and 34. The
median removes the outliers in Xp and subsequent calculation
of the mean of Xp yields a fault distance of 9.9969 km, with
an absolute error of 3.1 m. This illustrates the robustness of
the method against ToA errors thanks to the use of KMeans
clustering and median estimator to detect and remove outliers
from Xp.

4) Differentiating  Between  Faults and  Switching
Events: Transients caused by switching of capacitors
or load/generation need to be differentiated from faults.
Consider a transient caused by switching of a 138KV, 37.13
MVAR capacitor at bus 74 as shown in Fig. 6. The switch
closing angle is set to 90°, which is equal to 33.46 ms.
The K-Means algorithm yields the cluster of DFRs 75, 77,
73, 116, and 80 as shown in red in Fig. 14. The algorithm
uses the arrival times of clustered DFRs shown in Table II
to identity bus 74 and line 74-75 as the fault-closest bus
and faulted line section respectively. Then the fault distance
vector Xp will be calculated as:

Xp = [0.0055 0.0 0.0 0.0]

The mean of Xp yields the fault distance of 0.001375 km.
from bus 74, with an absolute error of 1.375 m. Being so close
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Fig. 16. K-Means For F2 in IEEE 118 System.

to the bus, this result clearly implies that there is a chance
of this disturbance may be caused by a switching event at
the bus. It can be easily verified by inspecting the recorded
voltage transient by DFR 75 the closest to the identified dis-
turbance location. As shown in Fig. 15, the 3-phase transient
voltage lasts about 10.2 ms before it returns to its previous
steady state value, identifying the cause as a possible switching
event.

5) Impact of IBPSs on Fault Location: It is widely known
that the asymmetry of lines, fault resistance, and fault ride-
through (FRT) requirements implemented in IBPSs adversely
impact fault detection and may lead to malfunctioning of
distance relays. To illustrate the robustness of the proposed
approach to these three features consider a single line to
ground (SLG) fault at (F2) in Fig. 6 along 164.79km long
line connecting buses 9-10, 112.79 km from the 443.422 MVA
wind park connected to bus 10, and 52 km from bus 9. The
fault is simulated with a 100 2 fault resistance and a fault
inception angle of 60°, equivalent to 32.07 ms. Note that
fault F2 occurs at 345KV line and its TW signal passes by
power transformer T1 345/138KV to reach and spread to the
138KV side. Hence, the attenuation generated by T1 will be
better visualized in a 3D cluster using the 3D feature vec-
tor given by (4). Applying the K-Means algorithm, the blue
cluster of DFRs 10, 5, 12, 117, and 3 in Fig. 16 are cho-
sen. It is clearly shown in Fig. 16, DFR10 captures the largest
WT'C? due to its proximity to the fault. The other blue clus-
tered DFRs registered lower magnitudes due to their location
on the 138KV side. The proposed technique uses the arrival
times captured by clustered DFRs and shown in Table II to
estimate the fault-closest bus and faulted line section as 9
and 9-10 respectively. The fault distance array Xp will be
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Fig. 17. Harmonic Distortion by Wind Turbine Entrance.

obtained as below:
Xp = [52.025 52.03 52.046 52.04]

Extracting the mean of Xp will yield a fault distance
52.035 km and comparing it with the true distance of 52 km
yields an absolute error of 35.25 m. As evident from these
results, the Fault Ride-Through protection of IBPs has no
effect on the accuracy of proposed method.

6) Robustness Against High-Frequency  Harmonics:
Switching of IBPSs generates harmonics, however these har-
monics occur in lower frequencies than those generated by
short-circuits. Let us consider a drastic case of a wind farm
being connected at bus 10 as shown in Fig. 6. The wind
farm is connected at 0.3s and a SLG fault occurs at 0.8s.
Assuming that the wind farm is not equipped with a proper
harmonic filter resulting in harmonic distortion as shown in
Fig. 17. The WIC? for the voltage signal recorded by the
fault-closest DFR10 is shown in the left upper corner of
Fig. 17. It is evident that the high-frequency harmonics are
imperceptible in the presence of high-frequency transients
generated by the short-circuit. Therefore, the fault distance
of 52.035 km computed for this case will be similar to
the previous case, validating that high-frequency harmon-
ics will not have any effect on the accuracy of proposed
algorithm.

C. Summary of Simulated Cases for the IEEE
118-Bus System

Fault scenarios as depicted in Fig. 6 are simulated for the
IEEE 118-bus system by using different fault parameters for
the fault resistance and fault inception angle, in the presence
of non-transposed lines and IBPSs in the network. Simulation
results give maximum and average absolute errors of 27.46m
and 10.19 m respectively as shown in Table III. These results
provide experimental evidence that the configuration and fault
types do not have significant impact on the performance of
the proposed algorithm.

D. Fault Location in Distribution Networks

IEEE 123-node test feeder [34] shown in Fig. 18 is used to
test the proposed method for radial and meshed distribution
networks.The radial system is created by closing the green-
colored switches and opening the two blue-colored switches.
Otherwise, meshed configuration is created in the network.

Authorized licensed use limited to: UNIVERSITY OF TENNESSEE LIBRARIES. Downloaded on April 07,2023 at 02:43:25 UTC from IEEE Xplore. Restrictions apply.



3478

TABLE III
FAULT LOCATION ERRORS AT IEEE 118 SYSTEM

Fault Location Rf Fault Fault Err
Angle Type (m)
F3 9.38% Les—38 40Q2 135° A-g 22.5
F4 26.75% Las—27 20Q2 90° C-g 5.55
F5 18.53% Lo_12 4002 60° BC-g 4.8
F6 35.68% Lse—55 3092 45° ABC-g 5
F7 30.83% Le3—6a 50Q2 90° ABC 25
F8 45.82% Lga—_g3 602 10° B-g 2.27
F9 8.63% L3o—3s8 1002 30° AC-g 15.7
F10 30% Lao—37 120€2 75° AB 8.75
F11 42.88% Ls2_51 1402 90° ABC 6.35
F12 50% L1oo—92 8092 135° A-g 3.25
F13 28.3% Lgg—_100 9082 60° AB-g 4.45
F14 48.94% Lgs—64 7002 45° B-g 18.25
F15 14.15% L11-13 10092 60° AC-g 245
Fl16 21.9% Lyo_49 750 150° ABC-g 7.56
F17 35.85% L3o—26 100€2 30° AC-g 27.46
F18 42.39% Leo—_62 9082 90° AC 3.75
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Fig. 18. 1EEE 123 Test Node Feeder.

Four single-phase PV units are connected to the system via
Inverter Based Power Sources (IBPSs). Each IBPS provides
20 KVA to the grid in “power factor control” mode with p.f
set at 0.95. Description of the “Average Value Model” (AVM)
type converter used in this study can be found in [32]. A
DFR is placed in each lateral terminal bus to identify any
fault network, as was described in Section II-A. Hence, six-
teen DFRs are placed strategically at these lateral terminals,
six of which are 3-phase, and the rest are single-phase. Due
to the short line lengths, a sampling frequency of 10 MHz
is required to obtain precise fault distances. While no DFRs
are placed for very short laterals, in case of a fault occurring
along these short laterals, the proposed algorithm will estimate
the fault location as the junction where the faulted lateral con-
nects to the main feeder or through identification of buses with
minimum £>-norm as demonstrated in [14], [25].

E. Fault Simulations in Radial Distribution Network

Consider the green switches closed and blue switches open
in the network of Fig. 18 which forms a radial configuration. A
double-line to ground (DLG) fault F1 shown in Fig. 18 occurs
along a 0.0761 km long underground cable between buses
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TABLE IV
ToA(Ms) FOR FauLTs F1, F2, AND F3

DFR ToA F1 DFR ToA F2 DFR ToA F3
16 34.8129 114 34.8120 114 30.6926
117 34.8135 104 34.8123 126 30.6930
11 34.8135 71 34.8125 95 30.6933
20 34.8136 46 34.8127 117 30.6947
66 34.8139 126 34.8131 66 30.6960

6 34.8140 95 34.8134 122 30.6963
39 34.8147 82 34.8136 - -
46 34.8147 20 34.8139 - -
122 34.8150 39 34.8141 - -
33 34.8151 16 34.8142 - -
114 34.8184 117 34.8148 - -
104 34.8186 11 34.8149 - -
71 34.8189 122 34.8152 - -
126 34.8195 6 34.8154 - -
82 34.8200 33 34.8154 - -
95 34.8204 66 34.8161 - -

60 - 62, at 0.03047 km from bus 62. The existing underground
cable in the network goes all the way from bus 60 to 66,
marked in brown in Fig. 18. The fault resistance and incep-
tion angle are set to 140 € and 120° (34.81ms) respectively.
This radial system doesn’t contain any power transformer in
its main feeder. Therefore, the entire DFR set will be used
to estimate the fault distance. The arrival times captured by
sixteen DFRs shown in Table IV are used by the minimum
£>-norm method to identify the fault-closest bus and placing
five virtual buses in each incident edge connected to bus 62, the
faulted section is identified as 60-62. The shortest path from
fault to DFRs are modeled by the weighted directed tree graph
to compute the fault distance vector Xp. Taking the median
in Xp leads to identification and removal of outliers to obtain
the array as shown below. Finally, calculating the mean in Xp
will yield a fault distance 0.03064 km, having 0.17 m absolute
error with respect to the true distance of 0.03047 km.

Xp = [0.0293 0.0307 0.033 0.033 0.0314 0.0306 0.00276
0.0306 0.0294 0.0318 0.0326 0.0304 0.0268].

F. Fault Simulations in Meshed Distribution Network

Closing the blue and green switches will create a meshed
distribution system of Fig. 18. The meshed configuration has
many laterals connected to its main feeder, hence placing
DFRs in lateral terminal buses similar to the radial config-
uration will be sufficient to identify any fault. Consider a
single-line to ground (SLG) fault at F2, 0.0914 km from bus
108 as shown in Fig. 18. Fault resistance and incidence angle
are set to 30 2 and 120° (34.81ms). The sixteen DFRs capture
the ToAs shown in Table IV to form the vector Xp as shown
below. Note that using the entire DFR set forms 55 ToA pairs,
a highly redundant set. Calculating the median of Xp removes
all outliers and mean of remaining entires will yield a fault
distance 0.0916 km, having an absolute error of 0.2m.

Xp = [0.0886 0.0855 0.0931 0.08965 0.0919 0.08794].

G. Use of Reduced Number of DFRs

When working with a limited budget, it may be preferable
to use a reduced number of DFRs in meshed and radial distri-
bution networks by placing DFRs in terminal buses that can
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TABLE V
FAULT LOCATION ERRORS AT IEEE 123 SYSTEM

Fault Location Rf Fault Fault Err Network
Angle Type (m) Type
F4 Bus52 120Q2 135° ABC-g 3.62 Radial
F5 30.27% Lis—1s 102 60° BC 1.5 Meshed
F6 39.44% Lig—_13 15092 10° AB-g 1.85 Radial
F7 38.46% Leo—70 1802 45° A-g 2.6 Meshed
F8 Bus19 20052 90° A-g 35 Radial
F9 50% Lag—29 16092 135° ABC 9.5 Meshed
F10 Bus51 1702 90° B-g 2.82 Radial
Fl1 44.44% Lg7_sg6 1002 30° AC-g 6.29 Radial
F12 47.05% Lea—¢5 25092 45° C-g 2.18 Meshed
F13 42.85% Lsa_57 5Q 45° C-g 1.94 Radial
Fl14 37.5% Lioo—126 26052 45° AC-g 1.86 Meshed
F15 42.5% L113—-112 3Q 150° A-g 1.56 Meshed
F16 20% L76—86 82 90° AB-g 2.34 Radial

form shortest routes to cover only the main feeders of the
network. The method will still locate accurately any fault in
these main feeders while only identifying faulted laterals if
that lateral does not have a DFR at its terminal bus. To illus-
trate this for the meshed configuration, let us place three-phase
DFRs only at (117, 122, 126, 95 and 66) and one single-
phase DFR at 114. Consider a fault along the single-phase
lateral at F3, 0.0914 km from bus 107 in Fig. 18, and whose
ToAs are shown in Table IV. There is no DFR at this lateral’s
terminal bus. Fault resistance and angle are set to 100 €2 and
30° (30.69ms). As shown in Fig. 19, the minimum ¢ norm is
the same for buses 105, 106, and 107. Hence, the algorithm
identifies the faulted lateral as 105-107, but not the exact fault
point due to the missing terminal bus DFR.

H. Summary of Fault Simulations in IEEE 123-Node Feeder

This section summarizes the results for faults in meshed and
radial networks shown in Fig. 18, which are obtained using
different fault parameters in order to test the proposed method
under different types of faults . Table V shows the results with
maximum and average absolute errors of 9.5m and 3.19 m,
respectively. These results experimentally validate insensitivity
of the method to changes in network configuration and fault
type in radial and meshed distribution systems.

IV. CONCLUSION

This paper presents and validates a robust fault location
method that can be used for radial or meshed power systems.
The method avoids the ToA errors due to the attenuation
by power transformers by selecting a subset of DFRs clos-
est to the fault using the K-Means clustering method. The
method is robust against gross errors in measurements, fault-
ride-through controls of IBPSs, topology changes and can
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differentiate between faults and other switching and harmon-
ics events. Meshed and radial networks are used to validate
the proposed method performance under different fault types
and conditions.
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