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Abstract—The need for distribution reliability enhancement in
the age of smart grids requires reliable methods for locating faults
on distribution systems leading to a faster service restoration
and maintenance cost optimization. Given the numerous fault
location methods, one faces the challenge of objectively evaluating
and selecting the most proper method. In this paper, a two-step
approach is proposed and discussed for ranking available fault
location methods that takes into account application requirements
and modeling limitations and uncertainties. The ranking method
formulated as uncertainty analysis utilizes 2n | 1 point esti-
mation to calculate the statistical moments of the fault location
estimation error. These moments plugged into the Chebyshev’s
inequality provide a basis for ranking the fault location method.
The selected method may still suffer from multiple fault location
estimations. To address this caveat, voltage sag characteristics
reported by few intelligent electronic devices (IEDs) along the
feeder are utilized. The number and location of these IEDs are
determined through an optimal approach specifically formulated
for this problem. The proposed two-step ranking methodology
and the IED placement optimization approach were implemented
on a simulated distribution system and their effectiveness was
demonstrated through a few select scenarios and case studies.

Index Terms—Distribution systems, fault location, intelligent
electronic devices (IEDs), uncertainty analysis.

I. INTRODUCTION

AULT LOCATION in distribution systems is an impor-

tant function for outage management and service restora-
tion, which directly impacts feeder reliability and quality of the
electricity supply. Improving fault location methods supports
the Department of Energy (DOE) “Grid 2030 [1] initiatives for
grid modernization. A number of methods have been proposed
by various researchers specifically for fault location in distri-
bution systems. In [2]-[4], the apparent impedance, defined as
the ratio of selected voltage to selected current based on the
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fault type and faulted phases, is utilized for locating faults by
comparing apparent impedance with the preknown line data. A
common caveat for impedance-based methods is multiple lo-
cation estimations due to the reliance solely on the substation
voltage and current signals[5]. In [4], data collected from fault
indicators along the network, which determine the direction of
the fault current, are utilized to solve the problem of multiple
fault location estimation.

In [6] and [7], a method based on direct circuit analysis is pro-
posed where the fault location equation was derived by applying
the matrix inverse lemma. In [8] and [9], a method using the
superimposed components of the voltages and currents is pro-
posed. In this method, the assumed fault point is varied system-
atically until the actual fault point is found. The fault is located
based on the fact that the amount of the superimposed current
in the healthy lines should be minimal.

Methods based on intelligent systems, such as neural net-
works and fuzzy logics, are proposed in [10]-[12]. In [10], the
faulted area is detected by training an adaptive neurofuzzy infer-
ence system (ANFIS) net with extracted features based on the
knowledge of protective device settings. In [12], the problem of
multiple fault location estimation is obviated using the learning
algorithm for multivariable data analysis (LAMDA) classifica-
tion technique. In [13]-[15], methods based on traveling waves
generated by the fault have been proposed. The time difference
between successively captured traveling waves is used for fault
location.

The availability of various fault location methods provides
a wide range of options for integration into distribution-man-
agement systems. However, adopting a suitable method is an
outstanding challenge that requires an objective evaluation and
ranking based on a set of predefined criteria. The hardware re-
quirements of the host-processing platform and lack of exten-
sive instrumentation in distribution systems, as well as the re-
quirements and underlying assumptions of the algorithm itself,
such as the heterogeneity of the lines, presence of laterals, and
load taps are among the limitations. Taking a systematic ap-
proach to select the best fault location method would ensure that
the predefined user criteria related to data availability, robust-
ness against uncertainties in the measurements and/or network
parameters modeling, and feasibility of implementation are sat-
isfied. This is the focus of this paper.

Moreover, the availability of feeder data from IEDs in
modern distribution systems provides new opportunities to
enhance fault location methods. Examples of such measuring
devices include, but are not limited to, digital protective relays,
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capacitor bank and recloser controllers, residential meters,
power-quality (PQ) meters and various types of low-cost
current and voltage sensors that may be selectively installed
outside the substation fence. A systematic approach is needed
to take advantage of the data for fault location purposes.

In this paper, an optimized approach for selecting a proper
fault location method given a set of user requirements is pro-
posed. First, the potential candidate methods from the pool of
available fault location methods are qualitatively ranked. Un-
certainty analysis is used as a tool to quantify the robustness of
the fault location methods against uncertainties in the measure-
ments and/or network parameters and modeling. The method
less affected by the uncertainties would be more desirable. To
eliminate false fault location estimation by the selected fault lo-
cation method, the voltage sag data gathered from few IEDs in-
stalled along the feeder are utilized. An optimal IED placement
approach is proposed to determine the number and location of
these IEDs.

This paper is organized as follows. In Section II, the proposed
approach for optimized fault location selection is explained. In
Section III, the method for eliminating false fault location esti-
mation using IED data is detailed. Section IV describes an op-
timal IED placement that determines the number and location
of the required IEDs to be installed. In Section V, the perfor-
mance of the proposed fault location approach is demonstrated
on a simulated distribution system. Finally, Section VI provides
conclusions for this paper.

II. FAULT LOCATION METHOD SELECTION

The proposed optimized fault location selection procedure is
conducted in two steps presented as follows.

A. Qualitative Analysis

For the qualitative analysis, the candidate fault location
methods are classified into five groups based on data require-
ments as well as topological/modeling requirements. Table I
summarizes these categories and their characteristics.

+ apparent impedance measurement;

* direct three-phase circuit analysis;

* superimposed components;

* traveling waves;

« artificial intelligence.

The traveling wave-based methods require high-frequency
sampling in the megahertz range depending on the tower
configuration (propagation velocity) and the desired accuracy
and, hence, costly for distribution applications. The presence
of laterals and load taps that reflect the traveling waves creates
multiple reflection difficulties and confusion when applied to
distribution systems. The artificial-intelligent methods require
training data and retraining subsequent to a change in the
circuit topology. The superimposed components and direct
three-phase circuit analysis require an accurate data-acquisition
process[6], [8].

Simplicity and practical feasibility of the impedance-based
methods are important advantages of this category. Some of the

IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 28, NO. 1, JANUARY 2013

impedance-based fault location methods do not consider het-
erogeneity of distribution lines and presence of laterals which
ultimately undermine their accuracy. In [3] and [4], all pecu-
liarities of distribution systems have been taken into account in-
cluding heterogeneity of the lines, and the presence of laterals.
Two methods have been short listed and further evaluated in the
next step.

B. Quantitative Analysis

To select the most suitable fault location method quantita-
tively, the uncertainty analysis is conducted to rank the select
fault location methods. Uncertainty analysis focuses on quan-
tifying uncertainty in model output due to uncertainties in the
inputs [16]. The method less affected by the uncertainties in the
inputs would be more desirable.

In fault location applications, the location estimation error
is a function of the algorithm inputs and underlying modeling
assumptions. The uncertainty problem could be formulated as
follows:

e= f(z1,22,...%,) €]
where
e fault location estimation error;
1) function that relates the inputs (z;’s) to the output
(estimated fault location);
T; factor that affects. For instance:
1 measured voltage signal at the substation;
Ta measured current signal at the substation;
T3 line parameter;
T4 estimated load at each node;
Ts fault resistance

There are uncertainties related to each of these inputs. For
example, line parameters do change as the resistivity of the soil
and conductor temperature change; each measuring device has
its own uncertainties and there are inaccuracies associated with
the load estimation.

To estimate the error due to the said uncertainties, the exhaus-
tive approach enumerating every possible combination of loads
and circuit parameters is impractical and poses unmanageable
computational burden. Alternatively, a probabilistic approach
may be carried out in which a probabilistic distribution func-
tion is assigned to each load and/or parameter of the network.
Instead of calculating a deterministic value for the error (¢), its
statistical moments are calculated.

Having the mean () and standard deviation (o) of e, we
define the following function to estimate the uncertainty:

Xethreshold = H+co (2)
where C' is a real number and Xy, esholq 1S an index that quan-
tifies the uncertainty.
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TABLE I
SUMMARY OF THE MAIN CHARACTERISTICS AND REQUIREMENTS OF SELECT FAULT LOCATION METHODS FOR DISTRIBUTION SYSTEMS

Analyzed aspects Fault Location Method
Impedance Direct Three- Superimposed
phase Circuit Traveling Wave Artificial Intelligence
Measurement . Components
Analysis
21 Br M [6] (8] [13]  [14]  [15] [10] (11 [12]
Data Requirements
e Substation data V S \ S N N S N v N N
e Feeder data (outside ) B N ) ) ) ) N . i i
the fence)
e Voltage signals (abc) \/ J \ J \/ \/ \/ N - - v
o Pre-fault data J J J - \/ - - - - - v
o During-fault data \/ N 3 \/ \/ v y v - - N
o Post-fault data - - - - - - - - - - v
o Current signals (abc) J J J J \/ - \/ - v \ v
o Pre-fault data v v v - v - - - N ~ N
o During-fault data R \/ Y \/ \/ - \/ - v v v
o Post-fault data - - - - - - - - \/ - -
e Symmetrical N ) N ) ) ) ) ) i i i
Components
e Phasor components - J - J N - - - - - N
o Time domain - - - - - N N N .
e High frequency B ) ~ ) ) ) ) i
sampling
Topological and
Modeling Requirements
e Line model Short Short Long Short Short Long Long Long Long  Short Long
Load del zZ= Z= Z= Z= Z= Z= Z= Z Z= zZ= zZ=
¢ Load mode constant (V) f(Vv) constant constant constant constant constant fv) constant  f(V)
o Non-homogeneity J J J J \/ - - - < - \
e Laterals (3-phase or 1- N N N ) ) ) N ) N i J
phase branches)
e Load taps Y \/ \/ \/ \/ vy \/ N \/ N \/
e Communication - - \/ - - - - N - - -

According to the Chebyshev’s inequality [17], for any
random variable X with mean p and standard deviation (o),
regardless of its distribution, the following holds:

1
rorh 3

pln—Co <X <p+Col>1-

For instance, if two standard deviations are used (C' = 2), the

probability that X is bounded by £C is greater than or equal to

75%. For a 95% confidence interval criterion on o2 (which is an

accepted and commonly used value for classification purpose),
C would be 4. Therefore, (2) becomes

Xthreshold =i + 4o. (4)

The method with the smallest Xy eshola Wins the draw as this

means it is less affected by the input uncertainties. The statistical

moments of e (x and o) can be calculated using a computation-
ally efficient 2 4+ 1 point estimation method discussed in the
next section.

C. 2n + 1 Point Estimation Method

According to the previous section, to rank the fault location
methods, X¢nreshold in (4) should be calculated, which means
statistical moments of e (¢ and &) should be estimated. These
may be computed via the 2n + 1 point estimation method that
is explained in [18]-[22]. Here, a brief summary of the method
is presented.

For z h(X) h{x1,29,...2,), where X is a set
of random variables =z, k = 1,2...,n, pg, o pr denote
the mean, and standard deviation of z, respectively. p;; is
defined as correlation coefficient between variable x; and
x; i # j. It is assumed p;; = 0, i # j. When p;; # 0, the
rotational transformation based on the eigenvector of the
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covariance matrix can be utilized to transform the set of corre-
lated random variables X into an uncorrelated set of random
variables X'[18]. The px; is concentrations/weights located at
(;Ll, 2y ee o s Lhgne-n s n—1, Mn) where

Tri =pr+ &0t =12,...,,mk=12,....n (5

where m is the number of concentrations per input variable.
The standard location £ ; and the weight p ; are obtained by
solving the following equations [16]:

m 1
z:m¢:_ k=1,2,...,n (6)
=1 T

=1

where Ay, ; is the ratio of the 7th moments about the mean of 7,
to (o%)? ie.,

Mi(X)
Ak’j = (Uk)J J = 1253. (8)
Mj(X) = /(Jb — p) fr(x)dz 9)

where At 1 equals 0, Ay » equals 1, and Ag 3 and X4 4 are the co-
efficient of skewness and coefficient of kurtosis of x, respec-
tively. The jth raw moment of the output random variables is
estimated as follows:

T m

E(z7) = ZZPk,i X (B2 (12 oy Tl e f—1, )}

k=1i=1

(10)

The 7th central moment of the output random variable can be

estimated as soon as the jth raw moment is estimated. For in-

stance, the mean and standard deviation of the random variable
can be calculated as follows [18]:

n m

we =E(z) = Z Zpk~i

k=1 i=1
X (h(ﬂla:u?a'"73;1«"177'"3#77.717/‘71)) (11)
0, =\ E(Z?) — E(2)2. (12)
For m = 2, the following holds:
A Aes )’
=50+ 0y (52
1=1,2 k=1,2,..., n (13)
And
1 i k3—i
i = —(—1)y=>= 14
Dk, n( ) & (14)
where
e\ 2
& =2 n+(%§>. (15)

In (13), the standard location £, ; depends on the number of
input random variables. When n becomes large, inaccuracies
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occur as indicated in [19]. In the fault location methods, un-
certain parameters could be the measured voltage and current
signals, line parameters, and the estimated load at each node.
Therefore, for power systems with realistic size, the number of
uncertain parameters becomes large. To overcome this problem,
the 2n + 1 scheme has been proposed in [20] and [21]. Only
one additional evaluation of the function compared to the 2n
scheme is needed. This scheme is derived by solving (6) and
(7) for m = 3 with one of the three standard location & ; set to
zero.
Let &, 3. Then, the standard locations and weights are

Ak 3 34 3 2
L‘ = = —1 L . _— = .
€k, 5t (=1)°7" 4/ Ak 13

i=1,2 &45=0 (16)
o
Phi = (e — &) t=1,2 (17)
1 1
Prs = n m (18)
It is noted that in (5), setting &3 = 0 yields

&3z = pp. So n of 3n locations are the same point
(W15 42y« o s fley - -+ s 1, fbn ). It iS enough to run only one
evaluation of the function at this location, provided that the
corresponding weight is updated as follows:

m

m
1
po=) pr3=1-) ———.
; Z Aka — Mg’

k=1

(19)

From (16), it can be seen that the standard location values
of the scheme 2n 4+ 1 do not depend on the number of input
random variables n as do the m x n-type schemes. This is a
common feature of all m x n + 1 concentration schemes [21].

Now by using (11) and (12), statistical moments (j+ and o)
of e in (1) could be estimated. Having ;+ and &, according to
(4), Xtnreshola could be calculated. At first, parameters that have
impacts on e in (1), such as measured voltage and current signal
at the substation, line parameter, the estimated load at each node,
and the fault resistance are identified. To model uncertainty of
these parameters, probability distribution functions are assigned
to each of them. (In Section V, this will be explained through a
case study.) In the next step, ¢+ and ¢ are estimated according to
(11) and (12). Finally X;preshola is calculated according to (4).

Based on this discussion, the procedure to select the most
proper fault location method for each application involves a
qualitative step that reduces the number of methods for numer-
ical ranking in the subsequent step. The ranking is accomplished
according to (4). The method that has the least Xy esno1a Value
is selected as the most appropriate fault location method given
the uncertainties in the measurements and modeling errors. The
selected method may still suffer from multiple fault location es-
timation. In the next section, a method to eliminate this caveat
is proposed.

III. FALSE FAULT LOCATION ESTIMATION ELIMINATION

One of the main caveats of the apparent impedance-based
fault location method is the multiple fault location estimation
due to the presence of laterals and branched nature of the circuit.
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Where additional feeder data outside the substation are avail-
able, it is possible to eliminate the false fault location estima-
tions. The fact that a fault causes voltage sags with different
characteristics at different nodes throughout the network is uti-
lized for this purpose.

First, the potential locations are determined by the optimized
apparent impedance-based fault location method selected in
Section II. Voltage sags at IED locations are calculated using
a load-flow program for the faults at each estimated location
of the fault by the apparent impedance method. The fault
location is determined by comparing how well each calculated
case matches up to what was actually observed by the IEDs
in the network. The case that shows the highest similarity is
considered to be the location of the fault.

In [23] and [24], a method for voltage sag characterization
has been discussed. The characteristic voltage (V'), which is a
phasor that quantifies the severity of the voltage sag, is calcu-
lated. It is defined as

V= VPOS - ‘Zieg (20)
where
S ¥ —5T60°
Vr;o,g = n(‘ge e
1 ‘711(:'
T = — arctan { — =5 201
60° 1—Vios

where T is rounded to the nearest integer number and Vpos
and Ve, are the positive and negative sequence voltages, re-
spectively. The absolute value and the argument of the charac-
teristic voltage V are referred to as “magnitude” and “phase-
angle jump” of the voltage dip, respectively. Therefore, V has
enough information about amplitude and phase-angle jump of
the voltage sag and is the only required data that should be trans-
ferred to the distribution control center.

The following equation quantifies the similarity between the
calculated and the recorded voltage sag [25]:

Error = €§,mp1irud0(‘/’) + 812)hasc(V) + 5[2)}1350(1) (22)

where

difference between the amplitude of the
characteristic voltage of the recorded
(Viecorded) and calculated voltage sags

(‘/calculated );

Eamplitude(V)

Ephase(V) difference between the phase angle of
the characteristic voltage of the recorded
(ejemrded) and calculated voltage sags
(Vcalculated ) 5

Ephase(7) difference between the phase angle of the

recorded and calculated current at root
node.

The following criterion is defined for the faulted node detec-
tion

(23)

where Error is defined in (22) and A is a small number just to
prevent the division by zero. The location that has the largest
Flag value (or smallest Error) is the faulted location.

To estimate the fault resistance, a binary search is conducted.
At first, a fault with a typical value /£y = 10 is applied at an
assumed faulted location and the steady state fault current at
the root node (substation) is calculated using short circuit anal-
ysis methods. This calculated fault current is compared with the
recorded current at the substation

& = |lealeulated| — |recorded (24)
where
[eateulated| amplitude of the calculated current phasor
at the substation;
[Trecorded| amplitude of the recorded current phasor at

the substation.

If £ does not fall within the convergence tolerance, /2y must
be increased/decreased until ¢ falls within the convergence
tolerance. If < is positive (negative), iy should be increased
(decreased) according to the binary search rule (half-interval
search). For example, if the actual value of Rf is 8 €2, the
values of Iis at each iteration would be 10, 5, and 7.5 1.

IV. OPTIMAL IED PLACEMENT

To eliminate false fault location estimations, the voltage sag
data are gathered from few IEDs installed at select nodes along
the feeder. A mobile telephone network or other available com-
munication architecture is used to transmit the recorded data to
the control center. The objective of the optimal IED placement
problem is to find the minimum number of IEDs and the loca-
tions at which these IEDs should be installed to provide ade-
quate information for fault location.

First, all pairs of nodes that are at the same electrical distances
from the substation are determined. The nodes that are at both
sides of each line (sections) should be checked when the fault
location falls between two nodes. For each pair of # and j, faults
with different impedance are applied at # and 7, one at a time,
and the voltage sag characteristic at the other nodes (candidate
location for IED placement) is calculated. All nodes that capture
different voltage sag characteristics due to the fault at node ¢
and j are potential nodes for IED placement. All fault types
should be checked. The fault type that causes worst case (i.c.,
generates voltage sags with least difference) is considered for
further study. If the method holds for the worst case it holds for
other types of fault as well.

The goal of the optimal IED placement is to provide the re-
quired information with the minimum number of IED installa-
tions to minimize the solution cost. Therefore, the IED place-
ment is formulated as an optimization problem with the objec-
tive of minimizing the number of required IEDs so that for each
pair of nodes ¢ and j (that are at the same distance from the
substation), at least one IED is installed at nodes that capture
different voltage sag characteristics.

To formulate the IED placement problem as an optimization
problem, first the measurement status vector X is defined where
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the :th element x; shows whether an IED is required to be in-
stalled at node ¢

L if an IED is needed at node (25)
= 0, if an IED is not needed at node 7 -
The optimization problem is formulated as follows:
Min } ;. (26)
Subject to
(i 4+ @n) + (Tomp + - - - Tgiry)
Haecwqgre + - Fagrgen) + (wiz; - xn) > 10 (27)

Constraint (27) should hold for each pairs of nodes that are at
the same electrical distance from the substation. This constraint
ensures that for each pair of nodes that are at the same distance
from the substation (jth pair), at least one set of IEDs is installed
to determine the actual faulted node.

If voltage sag characteristics captured by single IEDs for
faults at nodes of the jth pair are not disparate (at least the
difference should be more than the IED measurement errors), a
set of IEDs should be installed. In (27), the term X, X, means
to discriminate the fault at the jth pair, two IEDs should be
installed at nodes o and p. The term X.X;X. means to detect
the actual fault location the fault at jth pair, three IEDs should
be installed at nodes ¢, d, and e. The last term in (27) means
the IEDs should be installed at every node.

The optimization problem can be solved using CPLEX solver
[26]. The constraint (27) is nonlinear. To reduce the computa-
tional effort of the solver, constraint (27) is linearized and the
optimization problem is reformulated as follows:

(28)

(29)

> wi > kil x Yir, Vi, ky
1€k

zj, Yir, € {0,1} (30)
where

j jth pair of nodes that are at the same
distance from the substation. For instance, if
{(K,L), (M,N), (O, P)} are pairs of nodes
that are at the same distance from the substation,
j = 1refersto (K, L) and j = 2 refers to
(M, N) and j = 3 refers to (O, P);

ijj is the kth set of required IEDs to discriminate
faults at the jth pair of nodes that are at the same
distance from the substation;
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Yir, 1 if the %, set of IEDs is used to discriminate
faults at the jth pair. For instance, if the
possible sets of IEDs for discriminating fault
at nodes (M, N), (which means j = 2) are 1,
To, X3, T1X2, T1X3, T1T2x3, then Yo = 24,

92 = @2, Yo3 = 13, Y24 = w123, Yo5 = w123,
96 = T172T3 ;

k; pointer to the £th set of IEDs to discriminate
faults at the jth pair;

number of IEDs at the kth set of IEDs to
discriminate faults at the jth pair. For instance, in
the above example |k1| = 1, k2| = 1, |ks] = 1,
|]<‘4| = 2, |k5| = 2, ‘k@‘ = 3

&5

The constraint (29) ensures that for each pair of the nodes that
are at the same distance from the substation (jth pair), at least
one set of IEDs is installed to determine the actual faulted node.
The constraint (30) ensures that a minimum number of IEDs
placements are selected. The larger sets have larger |k, so (30)
tries to select smaller sets.

In addition to the size of the sets, constraint (30) tries to se-
lect the sets with minimum new IED installment requirement.
In some cases, the larger sets that do not require new IED in-
stallment are preferred. For instance, assume (K, L), (M, N),
(O, P) are pairs of nodes that are at the same distance from the
substation and one IED is installed at node 1 to discriminate K
from L and one IED is installed at node 2 to discriminate M
from N. If possible options for IED placement to discriminate
O from P are installing either one IED at node 3 or two IEDs at
nodes 1 and 2, the latter (z1+) is preferred because it does not
require new IED placement as two IEDs are already installed at
node 1 and 2 to discriminate pairs (K, L) and (M, N).

Solving the aforementioned binary linear programming
problem yields the number and location of required IEDs. To
use the already installed IEDs, which means an IED is already
installed at node 7, X is set to 1.

It is also quite possible that the topology of the network
changes as a result of circuit reconfiguration. This limits the
candidate nodes for IED installment. It may happen that due
to the topology change and switching operation, an IED that
is responsible for providing information for the proposed fault
location method becomes unavailable. To address this potential
challenge, the circuit is divided into several zones. Each zone is
defined by the installed switches along the feeder as illustrated
in Fig. 1. The rule requires that the nodes that are at the same
distance from the substation within a given zone should be
differentiated from each other by using only the IEDs that are
installed at the same zone. For instance and in reference to
Fig. 1, to discriminate faults at nodes A and I3, the candidate
locations of IED placement are only the nodes inside the Zone
1. If the nodes that are at the same distance from the substation
are at two different zones, all nodes within both zones are
possible candidates for IED placement. If only one of the zones
is in service, there is no confusion about the actual location
of the fault and no information is required from the IEDs. For
instance and in reference to Fig. 1, to discriminate faults at
nodes C' and D, the candidate locations for IED placement are
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TABLE II
FAULT LOCATION ERRORS (%) USING THE PROPOSED METHOD IN [3]

Location of the fault Nodet# 1 Middle of line 7-8 Nodet# 13
Incidence angle 0 deg. 90 deg. 0 deg. 90 deg. 0 deg. 90 deg.
Without | With | Without | With | Without | With | Without | With | Without | With | Without | With
Measurement error

error error error error error error error error error error error error
a-g 0.79 6.21 0.81 6.5 9.88 14.90 9.81 14.1 591 8.01 6.04 8.52
R=0 Q b-c 0.87 5.92 0.85 6.02 11.16 | 16.05 | 11.361 | 16.59 0.96 4.98 092 4.75
a-b-c 0.74 6.21 0.79 6.53 9.92 14.90 9.68 15.1 3.99 6.98 4.01 7.02
a-g 0.7 4.39 0.7 4.52 9.44 14.38 9.44 14.42 4.69 7.41 4.72 7.83
R=10 Q b-c 1 4.14 1 4.83 1020 [ 15.10 | 10.37 15.7 0.05 5.02 0.05 5.18
a-b-c 6.63 11.6 6.92 17.3 8.72 13.58 8.81 13.73 3.12 6.35 3.91 6.84

Fig. 1. Different zones of the network defined by the installed switches along
the feeder.

Fig. 2. Power distribution system, Saskpower, Canada [5].

nodes inside Zone 1 and Zone 2. Moreover, some zones are
connected to the substation through other zones. For example,
in Fig. 1, if Zone 1 goes out of service, zone 2 will also go out
of service. Therefore, to discriminate faults at nodes ) and
I, the candidate locations for IED placement are nodes inside
Zone 1 and Zone 2. This fact reduces the number of required
IEDs. It means that the IED that is installed at Zone 1 can
cover faults at both zones. Therefore, if an IED in Zone 1 can

discriminate faults in zone 2, the number of required IEDs is
reduced. The same situation applied to Zones 1 and Zone 3.
However, Zones 2 and Zone 3 are independent from each other
and to discriminate fault at nodes £ and I?, nodes at Zone 3
are not candidates for IED placement. To take into account the
above in the optimization problem, if node % is not a possible
location for discriminating faults at node ¢ from node j, X} is
set to zero. It means node % is eliminated from possible location
for IED placement because according to (25), X; = 0 means
an IED should not be installed at node k&

It is notable that the optimal IED placement is done for the
present network. If the network is expanded in the future and
new lines and nodes are added to the network, the optimization
procedure should be done again. It may happen that the new
optimal locations for IED placements are different from the ex-
isting ones. To take into account this issue, if an IED is located at
node [/ in the measurement status vector X, x; is set to 1 which
means an IED already exists at node I. This will force the op-
timization to take into account the present location of already
installed IEDs

V. CASE STUDY

In this section, the proposed two-step procedure for ranking
fault location methods is applied to a select distribution feeder
for illustration purposes, which also includes the process to
eliminate false fault location estimations.

According to the qualitative step presented in Section II, two
algorithms henceforth referred to as algorithm I [3] and algo-
rithm II [4] were short listed for the subsequent quantitative
step. These methods were implemented in MATLAB software.
The SaskPowerfeeder model, shown in Fig. 1[5], was simulated
in Alternate Transients Program (ATP) software; the simulated
voltage and current signals were exported to MATLAB for fault
location estimation. The results for a few select scenarios are
tabulated and presented in Tables II and III. The error is defined
as follows:

error
_|actual fault location - estimated fault location|

total line length

x 100. @31

The ranking is done via the 2n + 1 point estimation method.
The line parameters and loads are assumed to follow a normal
distribution which is typically the case. The mean values are set
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TABLE III
FAULT LOCATION ERRORS (%) USING THE PROPOSED METHOD IN [4]
Location of the fault Node# 1 Middle of line 7-8 Node# 13
Incidence angle 0 deg. 90 deg. 0 deg. 90 deg. 0 deg. 90 deg.
Without | With | Without | With | Without | With | Without | With | Without | With | Without With
Measurement error
error error error error error error error error error error error error
a-g 0.8 5.73 0.8 5.84 0.41 21.34 0.5 24.5 0.02 1.24 0.02 2.03
R=0Q b-c 0.8 6 0.8 6 0.31 4.72 0.35 4.63 0.22 1.20 0.19 1.42
a-b-c 0.8 5.87 0.8 5.6 0.8 3.9 0.8 4.1 0.453 3.05 0.462 3.41
a-g 10.67 21.33 10.8 12.1 0.45 2.87 0.52 2.63 3.05 3.61 3.1 3.61
R=10Q b-c 10.67 | 16.66 | 11.03 16.58 1.64 2.87 1.86 2.87 2.17 2.65 2.17 2.77
a-b-c 2 7.33 1.8 7.42 0.92 5.74 0.92 5.92 0.44 3.13 0.44 3.34
TABLE IV
FALSE FAULT LOCATION ESTIMATION ELIMINATION RESULTS
Scenario Fault type Actual location Possible locations using [3] Flag value Final estimation
-2
node# 10 node #10 (29.96 km) 1.3x10
1 b-g (5Q - node# 10
LRSS (30.093km) node#7 (29.94 km) 2.02x10°
-2
node #4 (20.68 km) 1.0x10
2 a-b (10 Q) pogen & o node#t 4
(20.92 km) Line between node 3 and 5 (20.73km) 25
1.1x107
3 wog (59) node# 4 node #4 (20.70 km) nodelt 4
-C- )
(20.92 km) line between node 3 and 5(20.75 km) 3.46x10
. 0.9x10
4 cg 2Q) line between node | 1ine between node 3 and 5 (19.38 km) line between node 3 and 5
- -3
3 and 5(19.5 km) line between node 3 and 4 (19.13 km) 2.94x10 (19.38 km)

at the nominal (initial) values and the standard deviations are
assumed to be 10% of the mean values. It is also assumed that
the measurement error can be modeled by a normal distribution
with standard deviations of 2% of the mean values. The ranges
of errors in voltage phasors were selected per IEC standards for
voltage transformers [27].

The fault resistance can vary from 0 §2 to that of high
impedance faults. If historical data are available, it is possible
to derive the associated probability distribution function. In
view of the lack of historical data, it was assumed that the
fault resistance follows a uniform distribution function. The
lower limit is assumed to be 0 2 and the upper limit is set
to the value ensuring that the fault could still produce short
circuit currents large enough to cause the protective devices to
operate, typically 1.5 times load current. Using the 2n + 1 point
estimation method, the Xpreshold in (4) for method I1is 0.1326
and for method I is 0.1138, which means that particular to this
network and assumptions, the first algorithm ranks higher than
the alternative. To eliminate the false fault location estimation
by method I, the voltage sag data gathered from select IEDs
along the feeder were utilized. According to the proposed
optimal IED placement method presented in Section V, nodes
8, 11, and 17 are the optimal locations for IED placement. The
defined zones are similar to Fig. 1 which means it is assumed
there are two switches at nodes 6 and 7

Three different scenarios are included to demonstrate the per-
formance of the proposed method to eliminate false fault lo-
cation estimations. In each scenario, the location that has the

largest value of the Flag is the selected location of the fault.
Table IV shows the results where the false fault location esti-
mations are eliminated, leaving the actual location of fault as
the only answer

VI. CONCLUSIONS

A systematic approach for fault location method evaluation
and selection that involves a qualitative analysis and a quantita-
tive ranking is presented as follows.

* The qualitative analysis is first conducted to short list the
most appropriate fault location methods meeting the limi-
tations and requirements of the network under study.

* A quantitative procedure for fault location selection is de-
veloped based on the 2n 4 1 point estimation method and
the outputs of this analysis are ranked following a rule de-
rived from the Chebyshev’s inequality.

* In cases where the highest ranking method still suffers
from multiple fault location estimations, a method based on
voltage sag data gathered from few IEDs along the feeder
is proposed to eliminate false fault estimations.

* An optimization problem for IED placement was formu-
lated and solved to minimize costs and determine the most
appropriate number and location of IEDs.

The proposed approach was demonstrated in the simulation en-
vironment where the performance of the proposed methodology
steps was examined and discussed through a few scenarios and
case studies.
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