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Abstract—In this paper, an effective fault location algorithm
and intelligent fault diagnosis scheme are proposed. The proposed
scheme first identifies fault locations using an iterative estimation
of load and fault current at each line section. Then an actual loca-
tion is identified, applying the current pattern matching rules. If
necessary, comparison of the interrupted load with the actual load
follows and generates the final diagnosis decision. Effect of load
uncertainty and fault resistance has been carefully investigated
through simulation results that turns out to be very satisfactory.

Index Terms—Distribution system, fault diagnosis, fault loca-
tion, power system protection.

I. INTRODUCTION

E LECTRIC power distribution feeders are susceptible to
faults caused by a variety of situations such as adverse

weather conditions, equipment failure, traffic accidents, etc.
When a fault occurs on a distribution line, it is very important
for the utility to identify the fault location as quickly as
possible for improving the service reliability. There has been
much research in the fault location problem for transmission
systems. This includes a traveling wave-based scheme [1]
and harmonics-based scheme [2]. The apparent impedance
calculated using a fundamental component is the most widely
used one [3]. A fault location in the distribution system is not
an easy job due to its high complexity and difficulty caused by
nonhomogeneity of line, fault resistance, load uncertainty, and
phase unbalance. However, the basic approach to calculate the
fault location using voltage and current measurement is still the
same as the transmission system case, that is to calculate the
impedance using the fundamental component [4] or harmonics
[5]. An additional calculation burden like recalculation of the
voltage and current at each node [4], [6], [7] is needed for the
compensation of the characteristics unique to the distribution
system. The fact that a distribution feeder has many branches
or laterals adds tp the difficulty in locating the fault since

Manuscript received August 13, 2002. This work was supported in part by the
Ministry of Science and Technology of Korea and in part by the Korea Science
and Engineering Foundation through the Engineering Research Center program.

S.-J. Lee, M.-S. Choi, S.-H. Kang, and B.-G. Jin are with the Department
of Electrical Engineering, Myongji University, Yongin 449-728, Korea (e-mail:
sjlee@mju.ac.kr; mschoi@mju.ac.kr; shkang@mju.ac.kr; sinato@mju.ac.kr).

D.-S. Lee, B.-S. Ahn, and N.-S. Yoon are with P&C Technologies, Anyang
431-080, Korea (e-mail: fann1234@mju.ac.kr).

H.-Y. Kim is with Korea Distribution Automation System, Korea Electrotech-
nology Research Institute (KERI), Changwon 641-120, Korea.

S.-B. Wee is with Korea University of Technology and Education, Chonan
135-701, Korea.

Digital Object Identifier 10.1109/TPWRD.2003.820431

Fig. 1. Simplified distribution feeder model.

estimating the fault location based on the voltage and current
signals yields more than one location. A Fuzzy approach to de-
termine the most possible fault location is suggested [8]. In this
paper, an effective fault location algorithm for the distribution
feeder systems is proposed. Higher accuracy has been obtained
by updating the voltage and current at the load tap or branching
point of the feeder and by introducing the load estimation
equation that reflects the load current change due to the voltage
drop. The load uncertainty has been investigated considering
various load models. This paper also proposes current pattern
matching rules to determine a single fault location. A single
location is identified by comparing the current pattern with
the expected one due to the protective device operation during
the fault. Further, the load current change, due to the circuit
interruption, is utilized. Effectiveness of the proposed scheme
has been proved by a number of EMTP simulations on many
realistic distribution systems.

II. ITERATIVE FAULT LOCATION ALGORITHM

Consider a phase-to-ground fault on a feeder as shown in
Fig. 1. The voltage measured at the incoming node is given by
(1)

(1)

where
a-phase voltage;
a-phase current;
a-phase voltage at fault point;
a-phase load current;
equivalent load impedance matrix;
line impedance matrix;
fault current;
fault resistance;
fault distance;
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In case of the fault on the single-phase lateral, the voltage equa-
tion is given as

(2)

Note that the voltage equation contains three unknown vari-
ables–fault distance ( ), fault resistance ( ), fault current ( ).
Taking the real and imaginary parts of the voltage equation and
eliminating , the fault distance equation can be obtained

(3)

where

Here, the subscripts ( ) denote the real and imaginary parts.
can be obtained from the relation of the load current and fault

current

(4)

The load current during the fault ( ) in (4) is different
from the normal or prefault load current due to the voltage drop
caused by the fault and it is also an unknown value. An iterative
technique to estimate the load current has been adopted and
the whole fault location process is described as follows:

i) assume to be same as prefault load current;
ii) find fault current using (4);

iii) determine the fault distance using (3);
iv) calculate the voltage at the fault using (5)

(5)

v) calculate the updated load current using the voltage
obtained in step iv);

vi) go back to step ii) with new and repeat the process until
converges to a certain value.

A. Load Current Estimation

Note that step v) of the fault location algorithm requires the
load current calculation, which is described below.

Assuming the load has a constant impedance and its
impedance is known, the load current can be calculated from
(6)

(6)

Here, represents the combined admittance matrix of the
line section after the fault and the load in Fig. 1 and is given by

(7)

If the load impedance is not known, only the approximate
load current could be estimated. Since mutual components

and are relatively very small compared to , by ne-
glecting them, a-phase prefault load current ( ) is obtained
by (8)

(8)

Here, denotes the prefault voltage at the fault point and
can be calculated from (9)

(9)

In this equation, a subscript denotes “prefault” state. Then,
substituting from (8) into the postfault load current equa-
tion of (10)

(10)

post-fault load current is obtained

(11)

Note that since this equation neglects the mutual effect, uti-
lizing it in the fault location would cause some error.

A generalized load model [9] in (12) could also be used to
estimate the load current

(12)

where
prefault load voltage;
postfault load voltage;

, real and imaginary components of prefault load
current;

, load constant.
Here, the load constant is determined according to the load

characteristic. For constant current load , for con-
stant power load , and for constant impedance
load . Usually the load in the distribution system
has a mixed characteristic and has of 1.5–2.8 and of
2.5–7.0 [9], [10].

B. , Estimation at Line Section

If the obtained fault distance is larger than 1, it means the
fault is not in that section, but in the following section. So an-
other fault location process should be performed for the next
section using voltage and current at the incoming node for the
next section. Since the voltage and current measurements are
assumed available only at the substation, a way to estimate the
voltage and current at the incoming node of each line section is
required and described in this section.

Consider a feeder model of Fig. 2. The voltage at node
can be obtained using (13)

(13)

where
voltage vector at node;
impedance matrix of line section;
current vector of section;
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Fig. 2. Single-line feeder model.

Fig. 3. Recloser-fuse line.

Assuming the constant impedance load, the current flowing
out to the th load tap can be calculated using (14)

(14)

where is the load current vector of load tap and is
the load admittance matrix at load tap.

The current at th section, is given as

(15)

III. INTELLIGENT FAULT DIAGNOSIS

The fault diagnosis scheme proposed in this study consists
of two steps: it first identifies the fault location among multiple
candidate locations using current pattern information specified
by the protective device operation. However, this first step could
still end up with more than one location. Then, the second step
attempts to diagnosis the most likely one using interrupted load
information. Details of each step are described in the following
sections.

A. Diagnosis Based on Current Pattern Matching

In the distribution systems, various protective devices are in-
stalled in order to protect the line, transformer, and other power
equipment. Overcurrent relay, recloser, sectionalizer, and fuse
are the most commonly used devices and each one has different
operating characteristic. So the current pattern during the fault
clearing will be subject to the device that is in charge of primary
and backup protection. For example, suppose a recloser with se-
quence setting of 2F2D (2 fast and 2 delay operation) and fuse
installed in series as shown in Fig. 3. Assume two devices are
well set to satisfy the coordination. Then, for a fault F1, if all
devices have operated as expected, the current measured during
the fault clearing would look like Fig. 4, which shows a com-
plete recloser operation (2 Fast and 2 Delay).

However, a fault F2 would generate the current in Fig. 5,
which shows the first fast operation of the recloser and one re-
closing attempt followed by the fuse blow-out during the re-
closer’s delay operation. From this, it can be easily seen that if

Fig. 4. Current during fault clearing by recloser.

Fig. 5. Current during fault clearing by fuse.

the current waveform in Fig. 4 is given, it means F1 is the fault
location. Analysis of such a current pattern could identify the
protective device type involved in the fault clearing and com-
paring it with the protective devices that precede each fault can-
didate, an actual fault location can be determined.

Seven different types of protective device combinations that
could precede the fault and their expected current patterns are
listed in Table I. It has two columns – device and conditions and
each row is the pattern identification rule that reads as “if con-
ditions are met, then the preceding device is device.” The wave-
form pattern is recognized based on the number of reclosing,
number of fast and delay operations. Here, the fast operation in
case of the recloser represents the fault clearing within a few cy-
cles and in case of fuse, within 20 cycles. The delay operation
represents the fault clearing with more than 30 cycles. However,
this criterion may vary depending on the device type and may
need more investigation.

B. Diagnosis Based on Interrupted Load

Suppose preceding protective devices are same for more than
one fault candidate and their corresponding current waveform
patterns are the same. Then they cannot be distinguished by the
rules in Table I. In this situation, a more detailed analysis on the
load current before and after a fault clearing is carried out in
order to diagnosis an actual fault location.
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TABLE I
PATTERN IDENTIFICATION RULES

REC : Recloser, SEC : Sectionalizer
CWF: Current waveform.

Fig. 6. Example distribution system.

Consider three fault candidates in the system shown in Fig. 6.
Reclosers R1, R2 are assumed to have the same settings. Since
all three faults have the same preceding protective devices, they
would have the same current pattern (three “fast”) as seen in
Figs. 7–9. A circuit interruption caused by recloser R1 and R2
would give different load current, which can be observed in cur-
rent zone in the figures. It provides a clue for making a dis-
tinction among faults. Furthermore, circuit interruption by Fuse
f1 and f2 would result in different line currents in zone and
comparison of the interrupted load with the expected outage
load would give additional information for the fault diagnosis.

Fig. 7. Recorded current in case of fault F1.

Fig. 8. Recorded current in case of fault F2.

Fig. 9. Recorded current in case of fault F3.

IV. CASE STUDY

In order to show the effectiveness of the proposed algorithm,
a 22.9-kV feeder in Fig. 10 is taken as a test system that has 21
nodes and single-phase and three-phase laterals. A node number
is indicated along the line with its distance in parenthesis and
loads (kilovolt amperes) are shown in the rectangular box. A
source impedance and line impedance are shown in Table II.

Authorized licensed use limited to: Ferdowsi University of Mashhad. Downloaded on November 8, 2009 at 02:26 from IEEE Xplore.  Restrictions apply. 



528 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 19, NO. 2, APRIL 2004

Fig. 10. Model system for fault location.

TABLE II
MODEL SYSTEM DATA

TABLE III
STUDY CASES

EMTP simulations have been carried out taking ten fault loca-
tions on the thick dotted line in Fig. 10 and four fault resistance
values, and adopting three different load models. The effect of
the load uncertainty is also investigated by introducing average
30% variation to the load impedance used in the algorithm. Var-
ious cases that have been studied are summarized in Table III.

An estimation error of fault location is calculated using (16)

(16)

where and represent the estimated fault location
and actual location, respectively, and denotes the whole
line length.

Fig. 11. Fault location error for constant impedance model with known load
impedance.

A. Fault Location

1) Constant Impedance Load Model With Known Load
Impedance:

a) Effect of fault resistance: When all loads are constant
impedance type and their associated impedances are known,
the proposed algorithm has generated the results summarized
in Fig. 11. The maximum error of 0.6% is observed for a zero
fault resistance case while the maximum error of 0.85% is ob-
served for a fault resistance of 50 . It can be seen from the
figure that as the fault resistance increases, the estimation error
also increases.

b) Effect of load variation: Figs. 12 and 13 show the
fault location results when there is 30% difference between the
impedance used in the algorithm and the real load impedance.
It is very interesting to see that load uncertainty does not
deteriorate the fault location accuracy at all showing maximum
error of about 0.25% in both cases of 0- and 30- fault
resistance. Even although taking into consideration that 30%
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Fig. 12. Thirty-percent load variation with R = 0 
.

Fig. 13. Thirty-percent load variation with R = 30 
.

load variation is obtained by averaging randomly generated
load variation for each load by 30%, it is still a very interesting
result that shows the robustness and practical power of the
proposed algorithm since the exact load impedance can hardly
be obtained in a real situation.

2) Constant Impedance Load Model With Unknown Load
Impedance:

a) Effect of fault resistance: When the load impedance is
not known for the constant impedance model, the proposed al-
gorithm has produced the results shown in Fig. 14. It can be
easily noticed that as the fault resistance increases, the estima-
tion error also increases. The maximum error of 0.3% for a zero
fault resistance case, 0.15% for 10- case, 0.95% for 30- case,
and 2.7% for the 50- case can be seen. Only the calculation
error is believed to be involved in the results when the fault re-
sistance is small.

b) Effect of load variation: Figs. 15 and 16 show that the
effect of 30% load impedance variation is limited to only 0.25%
error in case of 0- fault resistance and 1.1% error in case of
30- fault resistance. Again, this indicates little effect of the
load variation.

3) Generalized Load Model:
a) Effect of fault resistance: A load model represented by

(12) has been adopted with , , and its fault
location errors for the same system are shown in Fig. 17.

Fig. 14. Fault location error for constant impedance model with unknown load
impedance.

Fig. 15. Thirty-percent load variation with R = 0 
.

Fig. 16. Thirty-percent load variation with R = 30 
.

The same observation can be made for this load model
case—the bigger the fault resistance is, the higher the error
is. Note that the error is limited within 2.95% for 50- fault
resistance. This error might be considered too big to be used
for a real application. However, in all cases with less than 30-
fault resistance, the error is smaller than 1.0%, showing enough
accuracy for a real application.

Authorized licensed use limited to: Ferdowsi University of Mashhad. Downloaded on November 8, 2009 at 02:26 from IEEE Xplore.  Restrictions apply. 



530 IEEE TRANSACTIONS ON POWER DELIVERY, VOL. 19, NO. 2, APRIL 2004

Fig. 17. Fault location error for general impedance model.

Fig. 18. Error with impedance variation of 30% (R = 0).

Fig. 19. Error with impedance variation of 30% (R = 30).

b) Effect of load variation: For average 30% load varia-
tion, again mostly the error is kept within 0.25%, showing no ac-
curacy drop for the 0- case as can be seen in Fig. 18. However,
some accuracy sacrifice is observed although it is very small in
the case of 30- fault resistance case, showing a maximum error
of 1.3%, about 0.3% more compared to no load uncertainty case
(Fig. 19).

Fig. 20. Example feeder for fault diagnosis.

Fig. 21. Fault current waveform.

B. Fault Diagnosis

In order to show the effectiveness of the proposed fault diag-
nosis scheme, a feeder in Fig. 20 is taken as a test system, which
has two reclosers and three fuses. Both reclosers are assumed to
have a sequence setting of 2F2D. Simulation for a fault on F2
has been carried out using EMTP. The recorded current is shown
in Fig. 21. In the current waveform picture, the real time scale
is not used because of the limitation on time axis length to be
depicted in the paper. The figure indicates the fault clearing by
fuse during recloser delay operation following two fast opera-
tions, giving apparent three fast operations and two reclosings.

Suppose the fault location algorithm has yielded two more
candidate locations F1 and F3 in addition to the actual fault
location F2. Note that the preceding protective device pair is
OCR-Recloser for F1, and Recloser-Fuse for both F2 and F3.
For each fault location candidate, its expected current waveform
pattern derived from the pattern identification rules in Table I is
shown in Table IV. According to this table, the device pattern
should be OCR-Recloser and, consequently, the first diagnosis
step based on the current pattern matching has chosen F2 and F3
as fault location. Note that since both have the same preceding
device pair, they cannot be further differentiated using the pat-
tern rules. Now the second step that deals with the load change
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TABLE IV
EXPECTED OPERATION FOR EACH FAULT CANDIDATE

TABLE V
EXPECTED LOAD CURRENT

analysis before and after the fault clearing is carried out. Fig. 21
shows 168.17-A load current before the fault and 82.70 A after
the first and second fast operations, while 120.02 A after the
third fast operation, indicating 48.15-A load interruption. With
the knowledge on the loading (46.77 A below fuse2) as shown
in Table V, the one closer to the interrupted loading is selected,
which is F2 in this case.

V. CONCLUSION

This paper proposes an effective fault location algorithm and
an intelligent fault diagnosis scheme. The proposed fault loca-
tion algorithm identifies candidate fault locations using an itera-
tive estimation of load current and fault current at each line sec-
tion. The diagnosis part determines the actual location by com-
paring the current waveform pattern with the expected pattern
due to operation of the protective devices. If necessary, com-
parison of the interrupted load with the actual load follows and
generates the final decision.

The device that adopts the proposed techniques could be de-
veloped into two different kinds depending on whether the dis-
tribution automation (DA) is realized or not. In the non-DA
system, the proposed technique could be implemented into a
digital fault locator to be installed at the substation. It could be
a stand-alone device or an additional software function of the
digital feeder protection relay. In the DA system, this fault loca-
tion function would be another application software of the DA
central computer. In both cases, the system configuration infor-
mation and load data need to be provided to the fault locator. Un-
like the DA system case, to get the accurate information in the
non-DA system might be difficult, especially the loading data.
Various simulations changing the load model and loading in ad-
dition to the fault location and fault resistance have shown a
practically satisfactory accuracy and high robustness to the load
variation of the proposed scheme.
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