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a  b  s  t  r  a  c  t

A  generalized  strategy  for  fault  location  in modern  power  distribution  systems,  which  normally  include
distributed  generation,  is presented  in this  paper.  The  fault  location  method  considers  the phase  and
sequence  network  parameters  and  voltage  and  current  measurements  at the  main  substation  and  at
the distributed  generators,  in  pre-fault  and fault  steady  states.  The  fault  distance  is estimated  from  the
analysis  of all  section  lines,  which  is  required  to determine  if the  fault  is  located  in a  radial  or  non-radial
zone  of  the  power  distribution  feeder;  next, a specific  equation  is used  to determine  the  exact  location.  The
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proposed  methodology  is  validated  in  the  IEEE  34-node  test  power  system,  where  single-phase  to ground,
phase-to-phase  and  three-phase  faults  were  tested,  considering  51  different  and  optimally  determined
operational  conditions.  The  proposed  method  has  range  of  estimation  errors  from  −2.8%  to  3.2%.

© 2016  Published  by  Elsevier  B.V.
hunt faults

. Introduction

During the past few years, a growing interest in installing small
eneration units along distribution systems, which are known as
istributed generators (DGs), was experienced. These DGs are used
o take advantage of primary energy resources as wind and solar
adiation, among others, and also to improve voltage profiles and
o reduce constrains of transmission and distribution systems [1].
he presence of DGs implies that new studies aimed to analyze their
ffects for reliability, losses, voltage regulation, relay coordination
nd fault location, among others [2–4].

Additionally, the DG presence causes relevant operational
hanges in power distribution systems, such as non-radial sup-
lied feeders, which has a direct consequence in the performance
f the impedance-based fault locators. Although several methods
ave been proposed for fault location in power distribution sys-
ems, most of them are not well suited when DG is presented [5].
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
systems based on phase and sequence components and the minim
http://dx.doi.org/10.1016/j.epsr.2016.04.008

dditionally, most of the methods proposed for fault location in
ower distribution systems with DG do not consider the differ-
nt operating conditions, and then these are tested normally at
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378-7796/© 2016 Published by Elsevier B.V.
the rated or well-known conditions [6–15]. This situation does not
offer the possibility of an adequate evaluation of the fault locator
performance.

At the previous research, a fault location methodology aimed
to consider only single-phase to ground faults, based on sequence
components as proposed in [11]. This uses information of the circuit
topology and measurements of voltage and current at the main sub-
station and the DG substation; however, this methodology neglects
line capacitance, and phase-to-phase and three-phase faults are
not considered. Additionally, a criterion for the selection of the
fault distance was not defined in the case of multiple solutions.
On the other hand, a method for three-phase to ground fault loca-
tion based on the estimation of the positive sequence impedance
is proposed in [10]; however, line capacitance and load variations
are not considered and the method is not generalized for single-
phase or phase-to-phase faults. A methodology based on the system
phase-components is presented in [12], which considers an unbal-
anced power distribution system, but it is limited to three-phase to
ground faults and its efficiency is not tested considering load varia-
tions. In [13], there is an interesting approach, which considers the
line shunt admittance matrix at the power system representation.
anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

The authors consider any fault type but tests are performed under
the rated operational condition of the power system. An additional
approach is proposed in [14] and is aimed to discuss a rank-
ing of the available fault location methods that take into account
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Fig. 1. Simplified power distribution system with N distributed generators.
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pplication requirements and modelling limitations and uncer-
ainties. This uses qualitative and quantitative analysis, and as a
esult, two impedance-based approaches were selected and tested
n detail, considering the rated operating condition. In [15], authors
ropose a solution that eliminates or reduces iterative procedures
pplicable to all types of faults. The proposed methods are based
n the bus impedance matrix. This paper neglects the shunt capac-
tances of feeders in the simulation model. Rated conditions of the
ower system are considered in tests. Finally in [16], a letter briefly
resents a method for locating a fault in distribution systems using
ynchrophasor measurements. Using voltage and current phasor
easurements at substations and/or feeder heads, candidate fault

ocations are identified by iterating every possible line segment. The
ests, considering the rated operating condition, are commented on,
here the solution is obtained by using a not described impedance-

ased method.
This paper is aimed to present a general methodology for fault

ocation in power distribution systems with DG, considering the
obustness of the method in the case of uncertainties associated to
oad variations and different DG penetration levels, and surpassing
ome of the main problems of the above-mentioned approaches.
he method here proposed is oriented to use only measurements
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
systems based on phase and sequence components and the minim
http://dx.doi.org/10.1016/j.epsr.2016.04.008

t the fundamental frequency component of current and voltage at
he main power substation and at the DGs and the series and shunt
arameters of a long line equivalent. The information required for
he fault location are the fundamental phasors, during steady states
of pre-fault and fault, for voltages and currents; these are avail-
able at protective relays, digital fault recorders and power quality
metres. The measurements have to be synchronized and the fault
time is normally used as the time reference. This makes the fault
locator useful for most of the actual power distribution networks.

With regard to the contents, in Section 2, this paper presents the
theoretical foundation of the proposed approach. The developed
algorithm for the method implementation is completely described
in Section 3. Tests, results and discussion are included in Section 4,
and the most relevant conclusions of the research are summarized
in Section 5.

2. Proposed fault location method

The proposed method is defined by using the simplified power
distribution system as presented in Fig. 1, which consists of a main
source (S/S), N distributed generators and several tapped loads. The
power system upstream node w represents the non-radial circuit
zones, where the fault current is supplied from the sending and
the receiving-end nodes of the faulted line section. On the other
anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

radial circuit zone, where the fault current is supplied only from
the sending-end node of the faulted line section. Here, the pro-
posed methodology considers more than one DG, laterals, tapped
loads and different line configurations.  

dx.doi.org/10.1016/j.epsr.2016.04.008
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Fig. 2. Faulted line section of a non

The variables in Fig. 1 are described as the following:

Labc(i,j) phase impedance of the line section from node i to node
j.

dgNabc phase internal impedance of the distributed generator N
(DGN).

labc(i) phase load admittance matrix connected at node i.
p
abc(i) phase voltages in pre-fault steady state at node i.

p
abc(i,j) phase currents in pre-fault steady state, flowing from

node i to node j.
p
abc(dgN) phase voltages in pre-fault steady state measured at node

dgN.
p
abc(dgN,j) phase currents in pre-fault steady state, flowing from

node dgN to node j.
p′
abc(dgN) internal phase voltages in pre-fault steady state of the N

DG.

The fault current varies depending on the fault location and also
he location of the DGs. Then, the proposed methodology considers
wo scenarios for the determination of the fault distance: faults at
adial and non-radial power system zones.

.1. Fault location analysis for non-radial faulted zones of a
ower distribution system

The proposed analysis for faults in non-radial zones is based on
he reduced power system in Fig. 2, which depicts a faulted line
ection where the fault current is supplied from both ends.

The new variables in Fig. 2 are next described as follows:

thsend abc phase Thevenin impedance as seen from the sending-
end node.

threceive abc phase Thevenin impedance as seen from the receiving-
end node.

s abc(i,j) shunt admittance matrix of the line section from node i
to node j.

thsend abc phase Thevenin voltages at the sending-end node.
threceive abc phase Thevenin voltages at the receiving-end node.
f
abc(i) phase voltages in fault steady state, at node i.

f
abc(i,f ) phase currents in fault steady state, flowing from node i

to node f.
f fault resistance.

 per unit fault distance based on the line section length
from node i to node j.
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
systems based on phase and sequence components and the minim
http://dx.doi.org/10.1016/j.epsr.2016.04.008

The Thevenin equivalents at the receiving-end and the sending-
nd nodes are used to represent the circuit downstream node j and
he circuit upstream node i, respectively, as is proposed in [11] to
onsider the effect of the DG. The application of the here proposed
l power system zone under study.

methodology is extended for N distributed generators as is next
presented.

2.1.1. Step 1. Calculate the internal voltages of DGs at the
pre-fault steady state

The internal voltage at the DG during pre-fault steady state is
obtained from the measurements of voltage and current at node
dgN in Fig. 1 (Vp

abc(dgN), Ip
abc(dgN,w)) and ZdgNabc, through Eq. (1).

Vp′
abc(dgN) = Vp

abc(dgN) + ZdgNabcIp
abc(dgN,w) (1)

2.1.2. Step 2. Determine the Thevenin voltage at node j
The Thevenin voltage at node j is calculated using Fig. 3a, which

represents the subsystem downstream node j of the power system
in Fig. 1. The superposition principle is used to consider all the DGs
downstream node j; it states that the voltage in any node of the
power system, having more than one independent voltage source,
is equal to the sum of the responses caused by each independent
source acting individually, where all the other independent sources
are set to zero.

In the case when considering only the N distributed generator,
the impedance of the modified power system presented in Fig. 3a
is lumped at dgN node. Next, the internal voltage and impedance
of DGN is used to determine the current supplied to the power
system, and the voltage at node j is then estimated. This procedure
is repeated for each DG downstream node j. Finally, the Thevenin
voltage at node j is calculated by the addition of each contribution
of the different DGs downstream node j, through Eq. (2).

Vthreceive abc =
dw∑
s=1

Vthreceive abc s (2)

where, dw is the number of DGs downstream of the receiving-end
node (node j) and Vthreceive abc s is the phase voltage calcu-
lated at node j considering each independent source s, acting
individually.

2.1.3. Step 3. Estimate the Thevenin impedance as seen from node
j

The Thevenin impedance downstream of the node j is calculated
using Fig. 3a. The voltage sources that represent the DGs are set to
zero, and finally the impedance of the modified circuit is lumped
at node j.

2.1.4. Step 4. Determine the Thevenin equivalent upstream node i
anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

Finally, the Thevenin equivalent that represents the power sys-
tem upstream to node i is obtained from Fig. 3b. The estimation of
this equivalent follows the same methodology as proposed for the
power system downstream the node j, as described in the previous 

dx.doi.org/10.1016/j.epsr.2016.04.008
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Fig. 3. Subsystems of the power distribution system in Fig. 1 w

teps, and then the main substation is considered as another DG. Eq.
3) helps to obtain the voltage for the sending-end node (node i).

thsend abc =
up∑

s=1

Vthsend abc s (3)

here, up is the number of DGs upstream of the sending-end node
node i), including the main substation and Vthsend abc is the phase
oltage calculated at node i by each independent source acting
ndividually.

The Thevenin impedance upstream of the node i is calculated
sing Fig. 3b. The voltage sources are set to zero, and finally the

mpedance of the modified circuit is lumped at node i.

.1.5. Step 5. Estimate the sequence equivalent of the faulted
ection

From the faulted section representation in Fig. 2, the sequence
omponent transformation is applied. Next, the sequence networks
re interconnected according to the fault type. Fig. 4 shows the
quivalent sequence network for the faulted line section of a non-
adial zone of the analyzed power system.

The variables in Fig. 4 are described as the following:

l 012(i,j) sequence impedance of the line from node i to node j.
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
systems based on phase and sequence components and the minim
http://dx.doi.org/10.1016/j.epsr.2016.04.008

thsend 012 sequence Thevenin impedance seen from the sending-
end node i.

threceive 012 sequence Thevenin impedance seen from the
receiving-end node j.

ig. 4. Equivalent sequence network for faulted line section of non-radial power
ystem zone.
ontains DGs: (a) downstream node q; and (b) upstream node p.

Vthsend 012 sequence Thevenin voltages at the sending-end node i.
Vthreceive 012 sequence Thevenin voltages at the receiving-end

node j.
Vf

012(f ) sequence voltages in fault steady state, at the faulted node
f.

If
012(p,f ) sequence currents in fault steady state, flowing from node

p to node f.
If
012(q,f ) sequence currents in fault steady state, flowing from node

q to node f.

The sequence network interconnection for a single-phase to
ground, two-phase and three-phase faults, is performed according
to as suggested in [17].

2.1.6. Step 6. Calculate the fault location
The application of Kirchhoff voltage law only at the positive

sequence network, as the one shown in Fig. 4, helps to obtain (4)
and (5).

Vf
1(f ) = Vthsend 1 − Zthsend 1If

1(i,f ) − mZL1(i,j)I
f
1(i,f ) (4)

Vf
1(f ) = Vthreceive 1 − (Zthreceive 1 + ZL1(i,j) − mZL1(i,j))I

f
1(i,j) (5)

The fault distance m in per unit is obtained from (4) and (5), as
shown in (6).

m=
Vthsend 1−Zthsend 1If

1(i,f ) − Vthreceive 1 + (Zthreceive 1 + ZL1(i,j))I
f
1(j,f  )

ZL1(i,j)(I
f
1(j,f ) + If

1(i,f ))
(6)

Eq. (6) is the general expression to determine the fault distance
at the non-radial zone of the power system, avoiding the determi-
nation of the fault type and resistance.

In the case of faults not located at the analyzed line section
i–j (i.e. m > 1), all the previous procedure from step 2 to step 6 is
anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

repeated, and a new estimation of the fault distance is performed
for the next section between nodes j and k.

The previously defined procedure is applied in all section lines
of the non-radial faulted zones, until a value lower than 1.0 of the 

dx.doi.org/10.1016/j.epsr.2016.04.008
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ault distance in per unit (m) of the analyzed section is reached. The
ine section where m has a value lower than 1.0 is selected as the
aulted section, and the fault distance is obtained as the product of

 and the line section length.

.2. Fault location analysis for radial faulted zones of a power
istribution system

For faults in a radial zone, the algorithm for fault distance
stimation is based on the approach proposed in [11,18]. In
his case, the fault location method is proposed using the line
ection representation given at Fig. 2, but the source at the
eceiving end does not exist. To analyze this case, the faulted
ine section is supposed in a radial section downstream of all
he power generators. Section between w and x nodes of the
ower system in Fig. 1 is selected to present the proposed
pproach.

The effect of currents supplied by DGs has to be considered
efore the estimation of the voltage and current feeding the line
ection under study. Considering the power distribution system
n Fig. 1, node w represents a common connection point, i.e., a
ode where a new DG is connected. From this point downwards,
he distribution feeder has a radial structure, where the current
owing from w to f is the contribution of all the DGs, updated

rom their respective substations to node w, and is proposed
n (7).

f
abc(w,f ) = If

abcS/S(w,f  ) +
N∑

i=1

Iabc DG i(w,f ) (7)

here,

f
abc(w,f ) phase current that flows from node w to node f.
f
abcS/S(w,f  ) phase current supplied by the main substation, updated

to node w.
abcDG i(w,f ) current supplied by the i DG unit, updated to node w.

For faults at radial zones of the power distribution feeder, it is
ecessary to identify the fault type, as each fault requires a differ-
nt set of equations to estimate the fault distance. The algorithm
roposed by Das is used for fault type identification [19]. The fault
istance estimation is based on a sequence network interconnec-
ion analysis, where (8) summarizes the calculation of the fault
istance (m) for all fault types [18].

m2 + Cm + D = Rf A (8)

Coefficients A, B, C and D are calculated according to fault type,
s is shown next.

.2.1. Step 1. Determination of coefficients according to the fault
ype

According to the fault type, the coefficients in Eq. (8) are
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
systems based on phase and sequence components and the minim
http://dx.doi.org/10.1016/j.epsr.2016.04.008

btained as presented in the following:

. Single-phase to ground faults
 PRESS
stems Research xxx (2016) xxx–xxx 5

The coefficients of (8) in the case of single-phase to ground
faults are given in (9).

A = 3(ZL1(w,x)I
f
1(w,f ) + ZC1If

1(w,f ) − Vf
1(w))

B = ZL0(w,x)ZL1(w,x)I
f
0(w,f ) + Z2

L1(w,x)I
f
1(w,f ) + ZL1(w,x)ZL2(w,x)I

f
2(w,f )

C = −ZL0(w,x)ZL1(w,x)I
f
0(w,f ) − Z2

L1(w,x)I
f
1(w) − ZL2(w,x)ZL1(w,x)I

2
2(w,f )

−ZL1(w,x)V
f
0(w) − ZL1(w,x)V

f
1(w) − ZL1(w,x)V

f
2(w)

−ZL0(w,x)I
f
0(w,f )ZC1 − ZL1(w,x)I

f
1(w,f )ZC1 − ZL2(w,x)I

f
2(w,f )ZC1

D = ZL1(w,x)V
f
0(w) + ZL1(w,x)V

f
1(w) + ZL1(w,x)V2(w)

+ZC1Vf
0(w) + ZC1Vf

1(w) + ZC1Vf
2(w)

(9)

where, ZC012 is the sequence impedance of the power system
downstream the receiving-end node (node x) and lumped at that
node.

. Phase-to-phase faults
The coefficients given in Eq. (8), in the case of phase-to-phase

faults, are presented in (10).

A = Vf
1(w) − ZL1(w,x)I

f
1(w,f ) − Zc1If

1(w,f )

B = ZL1(w,x)ZL2(w,x)I
f
2(w,f ) − Z2

L1(w,x)I
f
1(w,f )

C = ZL1(w,x)V
f
1(w) − ZL1(w,x)V

f
2(w) − ZL2(w,x)ZL1(w,x)I

f
2(w,f )

+ZL1(w,x)I
f
1(w,f )ZC1 − ZL2(w,x)I

f
2(w,f )ZC1 + Z2

L1(w,x)I
f
1(w,f )

D = ZL1(w,x)V
f
2(w) + ZC1Vf

2(w) − ZL1(w,x)V
f
1(w) − ZC1Vf

1(w)

(10)

c. Three-phase faults
The coefficients of (8) in the case of three-phase faults are

shown in (11).

A = ZL1(w,x)I
f
1(w,f ) + Zc1If

1(w,f ) − Vf
1(w)

B = Z2
L1(w,x)I

f
1(w,f )

C = −ZL1(w,x)V
f
1(w) − Z2

L1(w,x)I
f
1(w,f ) − ZL1(w,x)I

f
1(w,f )ZC1

D = ZL1(w,x)V
f
1(w) + ZC1Vf

1(w)

(11)

2.2.2. Step 2. Proposed criterion to determine the best estimated
distance

The proposed method uses a quadratic equation to determine
the fault distance, which leads to two possible solutions; however,
an adequate criterion for the selection of the best solution was
not previously defined in the original paper presented in [18], in
the case of radial zones. A proposed method for this decision is
established as is presented in the following:

a. Estimate all of the possible values of m,  by calculating all of the
possible fault distances along the power distribution feeders.

The complete analysis of the power distribution system con-
siders the update of the voltages and currents through the entire
radial power system, using the expressions (12) and (13), respec-
tively. These expressions are used to obtain the voltage at node
x and the current flowing from x to y, using the voltage at node
w and the current flowing from node w to node x.

Vf
abc(x) = Vf

abc(w) − ZLabc(w,x)I
f
abc(w,x) (12)

 

 

anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

If
abc(x,y) = If

abc(w,x) −
(

Yl abc(x) + Ys abc(w,x)

2
+ Ys abc(x,y)

2

)
Vf

abc(x)

(13) 

dx.doi.org/10.1016/j.epsr.2016.04.008
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Fig. 5. Algorithm for the estimation of the distance to a faulted node.

In this way, all line sections of the radial power system (down-
stream node w of the power system in Fig. 1) are analyzed and
several values of m are estimated.

. Determine those values of m,  which are at the interval [0,1].
c. For each value of m, estimate the corresponding fault reactance

(Xf).
. Determine, for the values of m previously estimated, which is

the minimum fault reactance and select it as the fault location.
This concept is useful, because in most of the cases the fault
impedance is composed by a large resistive component and a
very small reactive component [20].

. Proposed generalization of the fault location algorithm

The proposed algorithm to estimate the distance to the faulted
ode, considering the power system in Fig. 1, is described in stages
nd depicted in Fig. 5.

.1. Stage 1. Determine the radial nature of the analyzed feeder

Determine if the line section under study is in a radial zone or
n a non-radial zone of the power distribution feeder. If the line
ection is in a radial zone (IR = 1), go to stage 2; otherwise, go to
tage 5 (IR = 0). The analyzed line section is represented by counter

 which is initialized as t = 1

.2. Stage 2. Update currents and voltages at the analyzed section
ine

Voltages and currents are updated to the line section under
tudy using Eqs. (12) and (13), respectively, taking into account the
ine capacitive effect and the load variations. The load variations
re considered by using a load correction factor ˇ, as presented in
14).

 = I′p
abc

I′p
(14)
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
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abc-rated

In (14), I′p
abc-rated

are the phase pre-fault average currents under
ated conditions and I′p

abc
are the phase pre-fault average currents

easured at the analyzed load scenario. The  ̌ factor is multiplied to
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each load, in order to adjust load values at the operational condition
of the faulted power distribution system.

3.3. Stage 3. Estimate m and Rf

Calculate the values of the fault distance and the fault resistance
using Eq. (8). The solution is determined considering the fault type
through Eqs. (9), (10) or (11), for single-phase, phase-to-phase or
three-phase faults, respectively. This step considers the estimation
in all section lines at the analyzed radial feeder.

3.4. Stage 4. Determine the fault location

Evaluate the necessary conditions for the selection of the most
adequate fault location, considering the minimum fault reactance,
as is proposed in Section 2.2.2.

Finally, Stages 5 and 6 are applied for fault location in non-radial
zones of the distribution feeder, as described in the following:

3.5. Stage 5. Estimate the Thevenin equivalent

Obtain the Thevenin equivalent of the feeder downstream the
receiving-end node and upstream the sending-end node, based on
the proposed methodology presented in Section 2.1 and by using
Eqs. (1)–(3). Load variations must be taken into account during
the Thevenin impedance estimation using Eq. (14), to mitigate the
effect to load variation.

3.6. Stage 6. Estimate the fault distance m

Estimate fault location using (6) and check if m is between 0
and 1. In this case, the fault is located at the line section under
study. Otherwise, update the Thevenin equivalent of the sending-
end node and the receiving-end node and go to Stage 1.

4. Tests and result analysis

4.1. Test system and scenarios

The proposed fault location method is validated at the 24.9 kV
IEEE 34-node test system. This system contains unbalanced loads,
single-phase and three-phase feeders, line capacitive effects and
different length line sections, conductors and configurations. The
power system is modified, in order to include two  distributed gen-
erators at nodes 840 and 856 [21].

To validate the proposed approach, fault simulation in different
nodes of the analyzed power system, considering single-phase to
ground, phase-to-phase and three-phase faults for fault resistances
between 0 � and 40 �,  is performed. According to several utility
reported studies, most of the faults in power distribution systems
have resistance values lower than 40 � [22].

For testing purposes, the rated condition plus 50 optimally
determined operating conditions were selected, using the Latin
Hypercube optimal sampling method [23]. Each operating condi-
tion is obtained from a range between 10% and 150% of the rated
load, for all of the power system loads, and from 0% to 50% of the
DG penetration.

Considering the previous that were exposed, a total of 9945
faults were used in the testing process}.

4.2. Results and analysis
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The method performance is determined by using Eq. (19).

Absolute error [%] = DReal − DCalculated

LTotal
× 100 (15)
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here, DReal is the real distance to the faulted node, DCalculated is the
istance calculated by the fault location method, and LTotal is the
otal length of the analyzed feeder.

.2.1. Estimation of the fault locator performance under rated
onditions

Results obtained under rated conditions for two  penetration lev-
ls of DG (10% and 35%) and for the three fault types are shown in
igs. 6–8. At these figures, different fault resistances, are considered
0.05, 10, 20, 30 and 40 �).

a) Single-phase to ground faults
From Fig. 6a and b, it is possible to conclude that the method

performance is satisfactory for single-phase to ground faults,
because the highest error for all the DG scenarios is −2.8%, in
the case of a fault resistance of 40 �.

The errors presented are caused by the power system unbal-
ance, single- and double-phase laterals, not well considered
Please cite this article in press as: C. Grajales-Espinal, et al., Adv
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in the sequence-based component methods. Additionally, it is
clear from Fig. 6 that the error increases as fault resistance rises,
and an overestimation of the fault location is then obtained.

b) Phase-to-phase faults
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Fig. 6. Performance in case of single-phase to ground faults under rated condition
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Fig. 7. Performance in case of phase-to-phase to ground faults under rated conditi
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The results in the case of phase-to-phase faults are presented
in Fig. 7. Based on these results, it is noticed that the proposed
method is also suitable for phase-to-phase fault location. In this
case, the highest error is 3.8%, and similarly to the single-phase
to ground fault case, these errors are due to approximations
related to sequence network coupling. Additionally, the errors
on fault location are higher than these obtained in the case of
single-phase faults, and the underestimation of the fault loca-
tion is presented. Finally, the error increases for high values of
fault resistance.

(c) Three-phase faults
From the results depicted in Fig. 8, lower estimation errors

occur when higher levels of DG are considered. In this case, the
maximum estimation error considering a DG penetration level
of 10% is 1.4%; however, for a DG penetration level of 35%, the
highest estimation error is 1.1%. Nevertheless, these differences
are irrelevant and have no effect on the performance and then
errors are below 1.4%.
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4.2.2. Estimation of the fault locator performance under
non-rated load conditions

In this case, 50 different operating conditions (9750 faults) were
used to analyze the performance of the fault location method,
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Fig. 8. Performance in case of three-phase faults under rated conditio

onsidering variations in all loads of the test power system and
he DG size. The obtained results are shown in Fig. 9.
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Comparing the obtained results to the performance of the
ethod tested under rated conditions, Fig. 9a for single-phase

aults depicts how the estimation error increases when load vari-
tions are considered. However, this increase is not significant
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Fig. 9. Performance curves considering several operational conditions in the case o
 (a) DG penetration level of 10%, and (b) DG penetration level of 35%.

compared to the reference case, as the error differences are lower
than 1%. Errors are around the base case and it demonstrates the
anced fault location strategy for modern power distribution
um fault reactance concept, Electr. Power Syst. Res. (2016),

robustness of the proposed methodology to deal with variations in
the operating condition.

As in the case of single-phase to ground fault case, for phase-
to-phase faults in the Fig. 9b, the proposed variations have a direct
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f (a) single-phase to ground, (b) phase-to-phase, and (c) three-phase faults. 
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nfluence on the fault distance estimation. Nevertheless, due to the
oad compensation strategy included in the proposed methodology,
he error in variation is not significant.

For three-phase faults, the locator performance is similar to that
btained in the case of single-phase to ground and phase-to-phase
aults. As in the previous cases, the algorithm suits well for low
mpedance faults. Additionally, the estimation errors in all of the
ases are at the interval from −2.5% to 3.5%, showing an adequate
erformance of the proposed approach, even in the case of variation

n the operating conditions.
Finally, the average time to locate a fault on the IEEE 34 node

ower system is 59.2 ms.  This time was calculated for faults sim-
lated along the main feeder and this performance allows the fast
ault location, before the Reclosers changes the feeder topology
around 500 ms  approx.). The tests were carried out on an Intel
2 2.66-GHz personal computer with 4 GB RAM.

. Conclusions

Fault location in power distribution systems leads to an
mprovement of the continuity indexes; however, the presence
f DG forces the reformulation of most of the previous proposed
trategies. This paper presents a robust method for fault location
n power distribution systems with distributed generation, which
nly requires voltage and current measurements at the main sub-
tation and at the distributed generator substations, to estimate the
istance to the faulted node. The proposed method does not require
he explicit fault type identification when faults occur is a non-
adial zone, which constitutes a remarkable advantage and elimi-
ates errors caused by an inadequate fault identification algorithm.

The obtained results validate the robustness of the proposed
ethod, even in the case of uncertainties caused by realistic load

ariations and different distributed generation scenarios. Finally,
he presented technique helps to solve the fault location problem
n real distribution systems with distributed generation, leading to
n improvement of the power continuity indexes.
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