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Abstract
The faults occurring in different sections are difficult to identify using the traditional techniques. This paper investigates a
fuzzy expert system for directional relaying, classification, and location of faults in double-circuit transmission lines. The
current magnitudes measured at only one terminal of the double-circuit transmission line are used to compute discreet Fourier
coefficients. Thus, this scheme does not involve any communication channel. The presented fuzzy expert system is achieved
from the structure of MAMDANI system in LabVIEW software. Test case studies show the effectiveness of the presented
scheme. The simulation results attest that the directional relaying, classification, and location estimation is very accurate.
This scheme is adaptive to the change of fault location, fault resistance, fault inception angle, and fault type.

Keywords Currents · Faults · Fuzzy system

Introduction

The transmission line is indeed a very important part of
the power system. The transmission lines are exposed to
vagaries of atmospheric conditions, thus most prone to a
fault. It causes a disturbance in the continuity of power sup-
ply. To maintain the steadiness of the power network under
all operating conditions, it is required to build up a sufficient
protection system as possible still in action. The protection
system must apply a practical algorithm in clearing faults
within pre-defined time. Early fault detection is required to
minimize the incidences severity of power system damage.
Therefore, it is vital to design a quick, reliable, and com-
plete protection network for different shunt fault cases and
also against direction relaying, classification and location of
faults in double-circuit line.Hitherto, several techniques have
been reported in the area of protection in transmission line
to study the directional relaying under different faults.
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Much work has been done to focus how faults can affect
the power system [1–3]. Numerous strategies have proposed
to determine directional relaying in transmission lines [4–6].
Researchers have explained technique to classify and locate
transmission line faults in [7–9]. The protection techniques
[10, 11, 12] have been used the fault currents only. The
protection procedures [13, 14, 15] have been explored the
one end data only. The scheme in [16] uses only funda-
mental currents of one end bus discriminate section faults
(directional relaying). The classification and locationof shunt
fault by considering fundamental component of currents in
transmission line from one end has been widely studied in
[17]. A comprehensive study of protection methodology for
transmission line is described in [18]. The methodologies
in the literature [1–17] did not provide the discrimination,
classification, and location of shunt faults in double-circuit
three-phase transmission (DC3PT) line.

Authors discuss the directional relaying schemes [19, 20]
for the DC3PT lines, classification scheme [21, 22] for shunt
faults in the DC3PT lines, the fault location schemes [23,
24] under shunt faults for the DC3PT lines which have been
demonstrated. Previous work [25] has shown the artificial
neural network (ANN) technique for DC3PT line that pro-
vides direction relaying, classification, and location of faults.
Nonetheless, the above methodologies have some difficul-
ties, especially inaccuracies, which require training data and
more computation time. Fuzzy expert system (FES) does
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not require training and needs IF–THEN rules only. FES in
fault location lessens computational complexities. The FES
approach played a vital job in the fault directional relaying,
classification, and location measurements. The FES design
concepts [26–28] has been explained. The FES [29–32] has
been used in Lab VIEW. The FES designing is used for
protection of transmission lines [33–35], but these do not
protected the DC3PT faults. Fault classification and location
using FES in three-phase circuit lines are explained in [36].
More details of FES implementation for direction relaying
are found in [37]. The study of [38] suggested the FES algo-
rithm for direction relaying, classification, and location in
six-phase transmission line.

To the best of our knowledge, to date, no one has con-
ducted this type of analysis inDC3PT line using FESmethod.
In this paper, a new fault directional relaying, classifica-
tion, and location procedure is introduced for DC3PT line
based on FES and fundamental frequency component of cur-
rents. Unlike most of the past contributions in the literature
[4–9], the proposed FES approach is independent of other
end information. Summary of proposed work contributions
is explained as:

1. Analyzing the fault behavior in two sections.
2. Development of FES-based protectionmethods for direc-

tional relaying, classification, and location in DC3PT.
3. Avoid the use of contact network for sending and receiv-

ing terminals.
4. Less computational complexity.
5. Detection of the faults effectively.
6. Improvement of the accuracy, % error, and reach setting.

The contributions of this paper can be summarized as
follows. In the section “Introduction”, we briefly present
the related work and novelty. The section “System studied”
focuses on the line modeling, configuration, and simulation
of shunt faults. The section “Proposed FES-based scheme”
presents the details of the proposed FES approaches. In the
section “Response of the proposed scheme”, we devote a dis-
cussion on the proposed FES approach performance and the
obtained simulation results. Finally, the section “Conclusions
remarks” concludes this paper.

System studied

In this work, a 400 kV, 50 Hz, 200 km, DC3PT line divided
into two sections is considered. The simplified model of
DC3PT line is depicted in Fig. 1. Basic network descrip-
tion and configuration of data of transmission line used in
the presented work are illustrated in Table 1. The transmis-
sion module is implemented and simulated using Simulink
& Simpowersystems toolboxes of MATLAB. The recorded

Fig. 1 Single-line diagram of DC3PT line

Table 1 Basic system description data

Parameter Units Nominal values

Nominal source voltage (kV) 400

Earth resistivity (�m) 90

Line length for section-1 (km) 100

Line length for section-2 (km) 100

Short-circuit capability (MVA) 1250

X/R ratio of the source – 10

Frequency (Hz) 50

Base power (MVA) 200

instantaneous six current inputs were sampled at 1200 Hz
sampling frequency and then processed by normal second-
order Butterworth filter (480 Hz cut-off frequency). After
that, the discrete time Fourier transform (DFT) block has
been given herein to exercise the time-series currents. Next,
the fundamental component of six-phase current waveforms
has been estimated using DFT tool of MATLAB® software.
The FES approach employs the fundamental component of
six-phase currents at one terminal of line only. Phase angle
of positive-sequence component, three-phase currents, and
zero-sequence components of current in double-circuit line
during faulty condition in section-1 are exemplified inFigs. 2,
3, and 4, respectively. The outline of proposed FES-based
directional relaying, classification, and location schemes for
shunt faults is illustrated in Fig. 5.

Proposed FES-based scheme

Unlike Boolean logic which consists of the two values of 0
and 1, fuzzy logic is multivalued and the truth value of each
proposition can fluctuate between 0 and 1 values. FES is a
systematic procedure to modify a knowledge base system
into non-linear mappings in which the formation of a proce-
dure is finished by means of fuzzy logic. FES is easy to build
and it does not require training structure to attain output.
Owing to less computational work than the other computing
methods, FES is preferred. Figure 6 depicts the flow of FES.
Thus, the FES approach is considered for protecting from
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Fig. 2 Phase angle of positive-sequence component in DC3PT line during faulty condition of section-1

Fig. 3 Three-phase currents of DC3PT line during faulty condition

Fig. 4 Zero-sequence component of current of DC3PT line during faulty condition

various types of shunt faults. The proposed protection sys-
tem consists of three different FES systems: FES-D, FES-C,
and FES-L. The FES-D system is used to identify the faulted
section (directional relaying), FES-C system is used to iden-
tify the faulted phases (classification), and FES-L is used to
locate the fault (location). In this paper, FES networks have
been developed for 22 types of faults for both sections in
DC3PT lines in LabVIEW Software.

FES-Dmodeling

The FES-D used here is the Mamdani type. The first scheme
(FES-D) has single input parameter and single output param-
eter. In FES-D, input taken phase angle and the output taken

fault in section. The input labeled as PA and input labeled
as S. The input variable is divided into three class, viz.,
low, medium, and high. The fuzzy output from the FES-
D is classified into three groups, viz., S-1, S-0, and S-2. The
fuzzification of input and output is using the triangular mem-
bership curves as shown in Fig. 7. The rule base is formulated
for FES-D using expert knowledge on the effect of all the
input variables. Three crucial decision rules that are being
formulated in the process of constructing rule base for the
FES-D are as follows.
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Fig. 5 The outline of proposed FES-based directional relaying, classification, and location scheme

Fig. 6 The flow of FES

FES-Cmodeling

A number of inputs and outputs for FES-C are 7 and 7,
respectively. The fundamental component of six current and

zero-sequence components of current is fed into the FES-C.
The output of FES-C gives faulted phases in two circuits and
ground. In this, inputs designate I1A, I1B, I1C, I2A, I2B,
I2C, and IZ. The outputs designate 1A, 1B, 1C, 2A, 2B, 2C,
and G. Mamdani FES is picked to make decision. Based on
trapezoidal memberships, each input have been divided into
two divisions, viz., LOW and HIGH. Similarly, two groups
of triangular memberships, viz., HEALTHY and FAULTY,
are each output as depicted in Fig. 8. Total 22 IF–THEN rules
are formulated for classification of shunt faults after fram-
ing input–output fuzzy sets. The 22 rules for classification of
shunt faults were based on the below two conditions only.

FES-L modeling

Here, inputs to fuzzification block of FES-L are: circuit-1
with phase A current (I1A), circuit-1 with phase B current
(I1B), circuit-1 with phase C current (I1C), circuit-2 with
phase A current (I2A), circuit-2 with phase B current (I2B),
circuit-2 with phase C current (I2C), and the output is the
fault location (L). The triangularmemberships are labeled for
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Fig. 7 Fuzzification of FIS-D input and output in LabVIEW

fuzzy mapping and six linguistics are labeled for each input
such as K1, K2…K6, whereas the output (L) is labeled in six
linguistic values such as M1, M2 …M6. The memberships
for inputs and outputs are depicted in Fig. 9. Fuzzy rules
are framed which involve IF–THEN conditional statements
using Mamdani-type rules. A total of 6 (6×1 � 6) rules are
framed using IF–THEN statements with the memberships of
seven inputs and one output.

Response of the proposed scheme

The proposed scheme has been verified by data of faults on
a 400-kV, 50-Hz, DC3PT system in the LabVIEW. Test-
ing is vital to verify the performance of fuzzy-based fault
directional relaying, classifier, and locator. The proposed

fuzzy-based fault directional relaying, classifier, and locator
is verified using test data considering all types of shunt faults
with change in fault location (L) between 1 and 199 km, resis-
tances between 1 and 140 �, and inception angle between
0° and 360°. Total 13,000 faults are simulated and tested.
Some of the test results corresponding to directional relay-
ing, classification, and location estimation are explained in
the subsequent subsections.

Response of FES-D

When there is no fault, the output of FES-D will be zero
value. If faults occur, the output starts adjusting to either
− 1 or + 1 depending on the section-1 or section-2 faults
of line, respectively. The output of direction relaying scheme
for various faultswith changing fault location (L), resistances
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Fig. 8 Fuzzification of FIS-C input and output in LabVIEW

(R), and fault inception angle (FIA) in section-1 or section-2
direction from bus-2 is summarized in Table 2. One sample
of result for FES-D in LabVIEW fuzzy software is given in
Fig. 10. It is proved that most of the samples can be identified
by fault sections correctly. The FES-D reach setting is below
99.892% of total line.

Response of FES-C

The response of FES-C will be in terms of no-fault (0) and
fault (1) in the phases. The results obtained by FES-C for
classifying faults based on LabVIEW in case of different
FIA, different locations, and different resistances are sum-
marized in Table 2. The accuracy in faulty classification is
obtained using Eq. (1). One sample of result for FES-C in
LabVIEW fuzzy software is given in Fig. 11. After checking
the proposed fuzzy-based shunt fault classifier, it has been

determined that it can correctly classify all possible types of
shunt faults, i.e., accuracy of 99.983%.

Response of FES-L

Simulation and experimental results are obtained to further
verify the performance of the proposed scheme for location.
Table 2 presents also the performance results of FES-L for
the different inception angles, different resistances, and the
different types. In the table,% error is computed fromEq. (2).
One sample of result for FES-L in Labview fuzzy software
is illustrated in Fig. 12. The proposed approach measures
precisely the fault location with the % error within 0.32%
for most of the test cases. Performance analysis of FES-L
shows that the fault information is more reliable locates the
faulty line:
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Fig. 9 Fuzzification of FIS-L input and output in LabVIEW

Accuracy � T

N
× 100, (1)

where T is the number of testing samples classified correctly;
N is the total number of testing samples.

% Error �
∣
∣
∣
∣

L1 − L2

L
× 100

∣
∣
∣
∣
, (2)

where L1 is the true fault location; L2 is the measured fault
location; L line length.

Comparative assessment

Quantitative comparison of the proposed technique with
some other soft-computing-based techniques is given in
Table 3. It can be observed that % error of the suggested
method is lower than error of % earlier methods in [6, 9, 15,
17, 25, 35, 38], which is a feature over earlier methods. The
reach setting in [4] and accuracy in [8] is 99.5% and 98.36%,
respectively. The reach setting and accuracy of the FES is
99.892%and99.983%respectively. Furthermore, the two ter-
minal data used in [23, 24], whereas the suggested FES used
source end data. Furthermore, past papers have published
an ANN [4, 6, 17, 25] and the suggested method designed
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Table 2 Performance of FES-D, FES-C, and FES-L

Fault section Parameter
varied

Type L (km) FIA (°) R (�) FES-D FES-C FES-L %Error

1A 1B 1C 2A 2B 2C G

Section-1 Fault type is
changing
and L,
FIA, R are
fixed

1A-G 21 45 10 − 1 1 0 0 0 0 0 1 21.36 0.18

1AB 21 45 10 − 1 1 1 0 0 0 0 0 20.76 0.12

2C-G 21 45 10 − 1 0 0 0 0 0 1 1 21.18 0.09

2ABC 21 45 10 − 1 0 0 0 1 1 1 0 21.42 0.21

2BC 21 45 10 − 1 0 0 0 0 1 1 0 21.25 0.13

1ABC 21 45 10 − 1 1 1 1 0 0 0 1 21.38 0.19

L is
changing
and fault
type, FIA,
R are fixed

1B-G 12 90 30 − 1 0 1 0 0 0 0 1 12.04 0.02

1B-G 26 90 30 − 1 0 1 0 0 0 0 1 25.74 0.13

1B-G 34 90 30 − 1 0 1 0 0 0 0 1 33.84 0.08

1B-G 56 90 30 − 1 0 1 0 0 0 0 1 56.30 0.15

1B-G 61 90 30 − 1 0 1 0 0 0 0 1 60.92 0.04

1B-G 85 90 30 − 1 0 1 0 0 0 0 1 85.48 0.24

FIA is
changing
and fault
type, L, R
are fixed

1ABC-G 74 5 40 − 1 1 1 1 0 0 0 1 74.22 0.11

1ABC-G 74 50 40 − 1 1 1 1 0 0 0 1 74.64 0.32

1ABC-G 74 120 40 − 1 1 1 1 0 0 0 1 74.08 0.04

1ABC-G 74 330 40 − 1 1 1 1 0 0 0 1 74.44 0.22

1ABC-G 74 360 40 − 1 1 1 1 0 0 0 1 73.86 0.07

1ABC-G 74 240 40 − 1 1 1 1 0 0 0 1 74.56 0.28

R is
changing
and L,
fault type,
FIA, are
fixed

2AC 92 135 15 − 1 0 0 0 1 0 1 0 92.26 0.13

2AC 92 135 30 − 1 0 0 0 1 0 1 0 92.52 0.26

2AC 92 135 45 − 1 0 0 0 1 0 1 0 91.70 0.15

2AC 92 135 60 − 1 0 0 0 1 0 1 0 92.12 0.06

2AC 92 135 80 − 1 0 0 0 1 0 1 0 91.82 0.09

2AC 92 135 100 − 1 0 0 0 1 0 1 0 92.16 0.08

Section-2 Fault type is
changing
L, FIA, R
are fixed

1C-G 25 180 60 1 0 0 1 0 0 0 1 25.22 0.11

1ABC 25 180 60 1 1 1 1 0 0 0 0 25.34 0.17

2A-G 25 180 60 1 0 0 0 1 0 0 1 24.88 0.06

2AC 25 180 60 1 0 0 0 1 0 1 0 24.98 0.01

2AC-G 25 180 60 1 0 0 0 1 0 1 1 25.20 0.10

1AB 25 180 60 1 1 1 0 0 0 0 0 25.16 0.08

L is
changing
and fault
type, FIA,
R are fixed

2ABC 11 275 90 1 0 0 0 1 1 1 0 11.28 0.14

2ABC 19 275 90 1 0 0 0 1 1 1 0 19.34 0.17

2ABC 68 275 90 1 0 0 0 1 1 1 0 68.45 0.22

2ABC 95 275 90 1 0 0 0 1 1 1 0 95.60 0.30

2ABC 38 275 90 1 0 0 0 1 1 1 0 38.42 0.21

2ABC 56 275 90 1 0 0 0 1 1 1 0 56.30 0.15

FIA is
changing
and fault
type, L, R
are fixed

1C-G 39 30 120 1 0 0 1 0 0 0 1 39.27 0.13

1C-G 39 160 120 1 0 0 1 0 0 0 1 39.23 0.11

1C-G 39 200 120 1 0 0 1 0 0 0 1 38.44 0.22

1C-G 39 350 120 1 0 0 1 0 0 0 1 39.10 0.05

1C-G 39 80 120 1 0 0 1 0 0 0 1 39.25 0.12

1C-G 39 290 120 1 0 0 1 0 0 0 1 39.15 0.07
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Table 2 continued

Fault section Parameter
varied

Type L (km) FIA (°) R (�) FES-D FES-C FES-L %Error

1A 1B 1C 2A 2B 2C G

R is
changing
and L,
Fault type,
FIA, are
fixed

2AB-G 68 315 47 1 0 0 0 1 1 0 1 68.04 0.02

2AB-G 68 315 85 1 0 0 0 1 1 0 1 67.78 0.11

2AB-G 68 315 96 1 0 0 0 1 1 0 1 68.09 0.04

2AB-G 68 315 124 1 0 0 0 1 1 0 1 67.86 0.07

2AB-G 68 315 9 1 0 0 0 1 1 0 1 67.80 0.10

2AB-G 68 315 36 1 0 0 0 1 1 0 1 68.12 0.06

without require large data, training, and complexity. Devel-
opment of FES is easy as compared to other frameworks.
As described above, it has noticeable that the suggested
method provides satisfactory results for direction relaying,
classification, and location. Thus, the FES is fit for direction
relaying, classification, and location in double-circuit line
than all other frameworks.

Conclusions remarks

Fault protection in transmission lines is a very important
issue nowadays. This paper presented a system for direction
relaying, classification, and location of faults in double-
circuit line based on fuzzy expert system. In this paper, an
effort has made to enhance reach setting to directional relay-
ing, accuracy to fault classification and percentage error to
fault location. The reported study performed in the MAT-
LAB and LabVIEW platform using fuzzy toolbox. The key
benefits of the proposed approach are that it relies only on

Fig. 10 FES-D output in LabVIEW
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Fig. 11 FES-C output in LabVIEW

Fig. 12 FIS-L output in LabVIEW
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Table 3 Comparison with some other methods

References Protection function Method used Error (%) Reach setting (%) Accuracy (%)

[4] Direction relaying ANN – 99.5 –

[6] Direction relaying, classification,
and location

Modular ANN 0.675 99 –

[8] Location and classification Support vector machine 0.21 – 98.36

[9] Classification and location ANN 0.73 – –

[17] Classification and location ANN 0.41 – 99.9

[15] Section identification and location Taylor series expansion 3.63 – –

[35] Classification and location FES 0.4 – 99.93

[38] Direction relaying, classification,
and location

FES 0.504 99.7 99.96

[25] Direction relaying, classification,
and location

ANN 0.60 99 –

Proposed scheme Direction relaying, classification,
and location

FES 0.32 99.892 99.983

currents and based only on communication at the source bus.
Various types of faults, under changing fault cases such as
location of fault from bus-2 terminal (1–99 km) in both sides,
R (1–140�) and FIA (0°–360°), have been investigated. The
performance of presented method has been validated by sim-
ulating number of fault tests. Furthermore, the three systems
yield acceptable performance against L, FIA fault type and
R. The fault section and type are correctly identified, and the
error (%) does not exceed 0.32% for all simulated fault cases.
The fault location results’ comparison of FES and other tech-
niques confirms that FES is more feasible in DC3PT.

Future scope

• Detailed analytical investigation can be carried out for
DC3PT.

• Further same experimental study can be conducted to
investigate the intercircuit faults and evolving faults.
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