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Abstract: Transmission lines are an important part of the power system, as they are the carriers of
power from one end to another. In the event of a fault, the power transferring process is disturbed
and can even damage the equipment, which is attached to the generation end as well as the user
end. Most of the power systems are connected to the transmission lines, so it is very important to
make the transmission lines secure. For protection purposes, relays are used, but relays only trip in
the event of a fault and do not tell us about the location of the fault. The power system requires a
speedy protection system. For a speedy protection system, quick and fast fault analysis and classi-
fication are required. An effective approach for the analysis of the transmission line with three
sources is proposed. This method is quite effective and accurate for locating the fault and classifying
its types. This technique needs power measurement from both ends simultaneously for fault diag-
nosis. Instantaneous power and sign power values are used for fault detection and classification. A
voltage profile is used to identify the fault location. For three-phase transmission lines, voltage pro-
files are built up at different segment points to locate the fault. The IEEE-9 bus system is simulated
for this technique. MATLAB is employed for simulation purposes. The test system is simulated with
different types of faults at different locations. Relay operation has not affected the accuracy of the
system. This technique has an accuracy of more than 97%. This method is quite effective for the
analysis of power transmission lines. It can discriminate the fault type, identify the faulty phase of
the line, and locate the point of the fault. Faults are located with errors not more than 0.45%. More-
over, the time difference between the actual fault and the calculated fault obtained from the esti-
mated location is not more than 0.004 s. Simulations are claimed to be executed in less computa-
tional time, ensuring effective and rapid protection against faults.

Keywords: fault location; fault classification; power transmission lines; two terminal measure-
ments; sign power values; IEEE system

1. Introduction

Fault detection in the transmission line is discussed due to its utmost importance.
The efficiency and accuracy of a method primarily depend upon the input samples. Alt-
hough the location depends on different factors like fault duration, fault occurring time,
fault detecting algorithm, measurements, and power flow, various methods are employed
to find the approximate location of the fault. It can be determined by analyzing fault se-
quence components, decaying DC components, as well as traveling wave techniques.

Conventional techniques are easy to use and less complex. For instance, impedance
value at the relay location and varying samples of voltage and current are obtained and
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processed using a digital filter to extract their fundamental components, as in [1]. A linear
quadratic estimation approach is used in [2] that uses before-fault measurements and af-
ter-fault measurements to differentiate faults, resulting in a much faster response and bet-
ter fault classification, but these methods are not accurate and are only used for estimation
purposes.

A numerical approach is used in [3] that uses the Laplace method to analyze its tran-
sient response and increase its accuracy a little, but it is not suitable for high voltage levels.
The method in [4] uses transposed line parameters for the calculation of fault location to
enhance accuracy and input errors, but accuracy is affected by transmission line length
and different types of faults.

Machine learning techniques differentiate between faulty and healthy line conditions
when subjected to minor changes [5]. In [6], an artificial neural network is used that ana-
lyzes post-fault current and voltage phasors to determine the type of fault. This method
not only improves accuracy, but is also resistant to noise input. In [7], a fault-locating al-
gorithm is used that uses fundamental frequency components to efficiently reduce loca-
tion error due to line compensation. The complexity of [6] is reduced in [8] by adopting a
fuzzy logic technique that results in effective fault determination, location, faulty phases,
and reduced fault time. It also removed DC offset and non-harmonic components. To re-
duce the uncertainty of fault in one-ended measurement systems, a two-end system is
preferred. In [9], a GPS-connected system is used to obtain synchronized samples of volt-
age and current on both ends of the transmission line to improve the accuracy of input
parameters, leading to a reduction in error. The method in [10] uses a distributed param-
eter line model to locate the fault. It uses low sampling frequency, voltage, and current
phasors as inputs. It can find fault location efficiently, but by using two different models
for different line lengths, its complexity is increased. The study in [11-18] uses a support
vector machine approach in which fundamental voltage and current are for all phases.
This detects fault efficiently without regard to length or type of fault. The only drawback
is that it does not perform well for large input datasets.

Although synchronized sampling is used to reduce fault location errors, source im-
pedance and transposed lines can cause location variation. These problems are solved by
the method adopted in [19]. It not only solves the CT ratio error, but is also independent
of pre-fault scenarios. In [20], the fuzzy logic fault classification scheme is used to differ-
entiate between all short-circuit faults. This method has benefits over [8] because only line
currents are required to find the faulty phase. It can also be applied to a wide range of
input voltages. The study in [21] improves fault detection and differentiation by combin-
ing neural networks with fuzzy adaptive resonance theory. This method improves the
deficiencies of both methods, and combining them gives improved accuracy with mini-
mum error.

The recent improvement in ANN is studied in [22], where four neural networks are
used for each phase wire, enhancing its response speed. Each network gathers its input
voltage and current. The output of ANN specifies the faulty phase.

Sometimes errors are caused by improper computation of decaying components in
post-fault conditions. Extracting the right information from them is essential. An im-
portant technique used for fault detection, as in [23], is the phasor measurement unit
method. This method combines two algorithms for precise results. One is used for assess-
ment of performance-affecting parameters such as aging of line, and the second is a dis-
crete Fourier-transform-based algorithm that is used for noise and error reduction. Fault
resistance can cause inaccurate assessment of location, so it must be accounted for.

An unconventional method is employed in [24] to eliminate this flaw. The amplitude
of current vectors is compared with a preset value to determine fault location. This
method also accounts for load flow problems that cause location inaccuracy. A better ap-
proach is used in [25] that uses a wavelet transform that can give high-frequency resolu-
tion and can differentiate faults regardless of their inception angle, impedance, fault re-
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sistance, line symmetry, and compensation of line while keeping the computations as sim-
ple as possible. [26] employs a sophisticated methodology that combines wavelet trans-
form and linear discriminant analysis to distinguish sequence current components.

Reduced protection time, minimal computations, high accuracy, distance independ-
ence, and new fault feature learning capability are the attractive features of fault classifi-
cation and location technique. In the aforementioned techniques, extensive computation
compromises the protection time, and the rapidness of the technique reduces the accuracy.
Moreover, the conventional techniques are not supportive of a renewable energy environ-
ment in which volatile nature persuades unavoidable and volitional tripping [27-32].

In this research, a synchronized sampling-based method was developed for trans-
mission lines [33]. This method offers speedy fault diagnosis and classification with less
computation and execution time. It is found from the simulation scenarios that the time
difference between the actual fault location and the estimated fault location is about 0.004
s, confirming the rapidness of the proposed technique. This proposed method is applied
to the IEEE-9 bus system to analyze its operation. Simulations show that the accuracy of
fault detection and classification can be improved, but it can also be done with fewer com-
plexities and computational time. It is proved from the simulation experiments that the
error is not more than 0.45% in the estimation of fault location. Following are the differ-
ences and superiority of this proposed technique as compared to the previous techniques:

e  The proposed technique is implemented on the IEEE-9 bus system, which is an en-
tirely different system to that used in the previous research.

. The fault locations are identified and located with less than 0.45% error. However, in
the previous studies, the error in fault location was up to more than 5%.

e More parameters were required in the previous research to reduce the percentage
error in fault location like fault inception angle, fault distance, and resistance. Here,
the proposed technique is quite simple, and fault distance is sufficient to produce the
desired results.

e  The proposed technique helps us to prepare the datasets that could be used to train
the machine learning algorithms so that a new fault type and location could be iden-
tified with the trained algorithm. However, there is no such information available in
previous research.

e  The proposed technique and the previous technique are both threshold-independent.
However, the proposed technique is more independent of the variations of the sys-
tem parameters, resulting in more accuracy for fault identification and location.

Highly sensitive data of fault inception angle is required in the previous research to
reduce percentage error. In the proposed technique, fault distance is enough to predict
and locate the fault.

The rest of the research paper contains the following sections. In Section 2, the math-
ematical formulation of the proposed fault estimation technique is presented. Section 3
covers the discussion of simulation results. Section 4 describes the tabular results for the
location of the fault. Section 5 presents the summary of the research outcomes and limita-
tions. A comparison of the proposed method with the available mature techniques is given
in Section 6. Section 7 presents the conclusion of the proposed method.

2. Proposed Method for Fault Analysis and Location

The proposed technique is used for detecting faults, which compares the instantane-
ous power of the line from both ends. The change in the direction of the instantaneous
power on all three phases assessed at both ends of the transmission line helps to detect
the fault. Calculation of the instantaneous power does not require averaging. It can be
computed directly by synchronized samples of voltage and current.
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2.1. Detection of Fault and Fault Type Classification

The instantaneous values of power are assessed from the time-synchronized samples
of voltage and current measured at both ends simultaneously and synchronously.

Vi(t), I,(t) denote the voltage and current sampled at one end of the transmission
line at time ¢. Similarly, V,(t), I,(t) denote the voltage and current evaluated at the other
end of the transmission line at time t. The directions of the currents concerning the meas-
uring equipment are given in Figure 1. Here, single-phase voltage and currents are as-
sumed for calculations.

Vot
t TO.SOFne ?ther ; Vi(t) At) To some other
ransmission lines an N
SOUrces Iﬁ Transmission Line jﬁ) transmission lines and

sources

Measuring Measuring

i i tat
Bus - 1 equipment at equipmen Bus - 2
one end Fault other end

Synchronized Current and
Voltage measurements

Figure 1. Two-ended measurements for transmission lines.

Mathematically, voltage and current at bus 1 are given by:
V,(t) = Vi coswt

M
L (t) = I, cos(wt — 6,)

where 0; is a phase difference between V;(t) and I;(t). Vi, and I, are the maximum
values of voltage and current at bus 1, respectively. Instantaneous power is expressed as:

Pi(t) = V() x I(D)
P, (t) = Vi, coswt X I, cos(wt — 6,)

P (t) = Vi imcoswt cos(wt — 6;) 2)

P, (t) = Py, (cos 2wt + 1)cosB, + Py, sin 2wt sin6,

Mathematically, voltage and current at bus 2 are given by:
V,(t) =V, cos(wt — &)

(©)
I, (t) = L, cos(wt — 6 — 0,)

where 0, is a phase difference between V,(t) and I,(t). Vo, and I, are the maximum
values of voltage and current at bus 2, respectively. Instantaneous power is expressed as:

P,(t) = V5(t) x L (t) 4)
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P,(t) = Vyp cos(wt — 6) X Iy, cos(wt — 6 — 0,)
P,(t) = Vyplym coscos(wt — &) cos(wt — & — 6,)

P,(t) = P,y (cos 2(wt — 8) + 1)cosb, + P,y sin 2(wt — §) sind,

When a fault occurs on the transmission line, the current rises abruptly [34]. I,(t)
and I,(t) are the currents flowing toward the fault point from two ends of the transmis-
sion line [35]. The direction of I,(t) is opposite to the direction of [;(t), as shown in Fig-
ure 1. If I,(t) is positive, then I, (t) will be negative in the case of fault, and vice versa
[33].

Therefore, under normal conditions, i.e., before the fault condition, the instantaneous
powers (superscript “bf”) are expressed as:

Plbf(t) = Pll;g(cos 2wt + 1)cos€ff + Pll:,fl sin 2wt sineff
)
P (t) = =P (cos 2(wt — &) + 1)cos0.” — P sin 2(wt — &) sin62”

The instantaneous powers (superscript “f”) after the occurrence of fault are expressed
as:

P/ (t) = P/ (cos 2wt + 1)cos6] + P/ sin 2wt sin6;

f f f f f ©)
Py (t) = Py, (cos 2(wt — 8) + 1)cosB, + P, sin 2(wt — &) sinb,

2.1.1. Case 1
If the power factor angles are lagging during the instants before the fault and after
the fault, which are:
6,7 > 0,02 >0;
@)
6] >0,6] >0
Then, before the instant of fault, the magnitude of the instantaneous values of power
PP (t) = P (£) 26" and P/ (t) = P}’ (t)262 will be expressed as:
B >0pR/ ) <0 ®)
Then, after the instant of fault, the magnitude of the instantaneous values of power
Plf ) = Plf (t)LBlf and sz ) = sz (t)LBzf will be expressed as:
Pl (t) > 0,P/(t) > 0 9)

2.1.2. Case 2

If the power factor angles are leading during the instant before the fault, and the
power factor angles are lagging after the instant of fault, which are:

67 <0,0Y <0;
(10)
6] >0,6] >0
Then, before the instant of fault, the magnitude of the instantaneous values of power
will be expressed as:

Plbf(t) > 0,if (cos 2wt + 1)cos€ff > sin 2wt sin@lbf
11
pbf , bf . . bf (1)
7 (t) < 0if(cos2(wt — &) + 1)cosh,” > sin 2(wt — ) sinb,
Then, after the instant of fault, the magnitude of the instantaneous values of power
will be expressed as:

P/ (t) > 0,P/(t) >0 (12)



Sustainability 2023, 15, 809

6 of 25

Moreover, this can be proved for all the combinations of leading and lagging power
factor angles before and after the fault P/ (t) > 0,P,/(t) <0 and P/(t) > 0,P/(t) >0
under the following inequality conditions:

(cos 2wt + 1)cos8y” > sin 2wt sin6”

(cos2(wt —8) + 1)c059§f > sin 2(wt — §) sin@é’f
(cos 2wt + l)coself > Plj;n sin 2wt sinBlf (13)

(cos 2(wt —6) + 1)c0592f > sin 2(wt — §) sinBZf

In transmission line systems, pre-fault power factor angles are generally small. In
post-fault conditions, power factor angles are lagging. This information leads to the con-
clusion expressed in Equations (8) and (9). These features enable the identification and
classification of faults without using threshold computations. Mathematically, these fea-
tures are represented by the signum function expressed as:

-1, x<0
sgn(x) =4 0, x=0 (14)
1, x>0

The measurements of the voltages and the currents at both ends of the transmission
line undergo spline interpolation. The interpolated samples are employed to distinguish
between single and double circuit lines.

Afterward, the computed values of Psgn(t) are used for the identification of faults.
Discretization of voltage samples is utilized for locating the faults.

The flow chart of the proposed technique is presented in Figure 2.
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Figure 2. Flow chart of the proposed technique.
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3. Results and Discussions
3.1. Single Line-to-Ground Fault

For the single line-to-ground fault, Sgn values for instantaneous power from both
ends of the line are computed, which are: sgn(P;(t)) and sgn(P,(t)). The difference be-
tween both signum powers is computed.

Psgn(t) = sgn(Py (1)) — sgn(P>(1)) (15)

Ideally, Psgn(t) should be equal to +2 before the fault.

After the fault, it should be equal to zero. However, due to transients of the line and
power factor, it would be approximately equal to zero. In the case of phase ‘a’ to ground
fault, graphical results are shown in Figures 3 and 4.

Figure 3a shows that at time 0.02 s, the instantaneous power of the other end of phase
‘a’ changes direction and its sign of magnitude, while the other two phases remain con-
stant. Figure 4a shows that Psgn(t) for phase ‘a’ is approximately equal to zero at fault
time 0.02 s, irrespective of the transient effects.

Therefore, these results show that the system experiences a single line-to-ground
fault in phase ‘a’.

Pl () >0,P/ () >0

PL(t) > 0,P/(t) <0 (16)

PL()>0,PL(t) <0

Instantaneous power (W)

0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.1
>

Time (s)

(a)
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Figure 3. (a—c) P;(t) and P,(t) for all three phases of the line concerning ‘ag’ fault.
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Figure 4. (a—c) Psgn(t) for all three phases of the line.

3.2. Line-to-Line Fault

A line-to-line fault is created in a test system. P;(t), P,(t) and Psgn(t) are exam-
ined and are shown in Figures 5 and 6, respectively.
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Figure 5. (a—c) Instantaneous power concerning time for ‘ab’ fault for all three phases.

It is observed from Figure 5a,b that the instantaneous power from one end becomes
inverted after the fault interception time of 0.02 s. From Figure 6a,b, it is observed that
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Psgn(t) for phase ‘a’ and phase ‘b’ is approximately equal to zero at a fault time of 0.02 s.
This depicts that the line experiences a double-line fault for phase ‘a” and phase ‘b’.

PL(t)>0,P[(t)>0
PL(t) > 0,P) () >0 (17)

PL(t)>0,PL(t) <0

Double-line or double-line-to-ground fault cannot be discriminated against without
the zero-sequence components.

Zero-sequence current factors F,, F,, and F, for phase ‘a’, phase ‘¥, and phase ‘¢’
are computed by this method respectively.

I (£) = 1,(8) + 1, (t) + (D) (18)

3 L (t) a I(t) B I (t)
T O T LM T L
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| I | ] I
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Figure 6. (a—c) Psgn(t) for the three phases for ab fault.
Figure 7 shows the zero-sequence components for the double-line-to-ground fault. It

is observed that the zero-sequence current factor value is quite small, as is the case of a
double-line fault.
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Figure 7. (a-c) Zero-sequence current factor components for 3 phases of the line.
3.3. Double-Line-to-Ground Fault
The test system is simulated for the double-line-to-ground fault. Figure 8 shows the
instantaneous power for both ends for three phases for the ‘abg’ fault.
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Figure 8. (a—c) Instantaneous power for three phases from both ends of the line.

It is observed from Figure 8a,c, that the instantaneous power of phase ‘a” and phase
‘b’ of both ends gets positive after a fault time of 0.02 s.

Pl () >0,P/ () >0
PL(t) > 0,P/ (t) >0 (20)

PL()>0,PL(t) <0

From Figure 9a,b, it is found that Psgn(t) = 0 for phase ‘a” and phase ‘b’ at fault time
inception of 0.02 s. Since it is a double-line fault, for the classification between double-line
and double-line-to-ground, zero-sequence current factors are computed.

In the double-line-to-ground fault, the zero-sequence current factors’ value is quite
significant, as shown in Figure 10, after the fault inception time of 0.02 s.

This observation classifies this fault as the double-line-to-ground fault.
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()
Figure 9. (a—c) Psgn(t) for the three phases of the line.
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3.4. Line-to-Line and Line Fault (Three-Line Fault)

The test system is simulated for three-line fault ‘abc’, as shown in Figure 11. After
time 0.02 s, it is observed that the instantaneous power of the three phases of both ends is
positive.
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()

Figure 11. (a—c) Instantaneous power of three phases from both ends concerning time.
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Figure 11 represents the simulations of instantaneous power for a three-phase fault
applied at 0.02 s. It is observed that the instantaneous power of three phases of the line
from the other end gets a positive value after the fault inception time of 0.02 s. From Figure
12, it is found that Psgn(t) is approximately equal to zero for all three phases of the line
after the fault inception time of 0.02 s.
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4. Location of Faults

For the fault location, voltage profiles are built into the line at different segments.
Samples of voltage are compared to determine the location of the fault. The point that has
the lowest voltage level will be the location of the fault, as the fault point always has the
least voltage level. Therefore, by this approach, the exact fault point can be located. It can
be an easy and more accurate method to find the exact location of the fault.

IEEE-9 bus systems have been simulated for different types of faults. The test system
consists of six lines, and the length of each line is 100 km. The system is simulated for
every line by applying different types of faults at different locations. The faults are applied
at 0 km, 25 km, 50 km, and 75 km on each line of the system. The fault's exact location and
computed location are presented in Table 1 for different transmission lines.

Table 1. Fault analysis of the system for different locations of transmission lines.

Actual Fault Calculated Fault o

Fault T i i °
ault Type Locatl.on Km Time (s) Time(s) Locatl.on Km Error

(Line) (Line)

25 (2-3) 0.02 0.024 25.71 (2-3) 0.43
ag 50 (6-7) 0.02 0.023 50.14 (6-7) 0.07
75 (4-3) 0.02 0.024 74.53 (4-3) 0.56
25 (4-3) 0.02 0.023 24.81 (4-3) 0.12
ab 50 (7-9) 0.02 0.022 49.58 (7-9) 0.24
75 (9-2) 0.02 0.024 74.35 (9-2) 0.43
25 (6-7) 0.02 0.023 24.83 (6-7) 0.15
abg 75 (4-6) 0.02 0.024 74.32 (4-6) 0.45
75 (4-3) 0.02 0.024 74.58 (4-3) 0.25
25 (2-3) 0.02 0.022 26.53 (2-3) 1.43
abc 50 (4-3) 0.02 0.022 50.54 (4-3) 0.76
75 (9-2) 0.02 0.022 74.33 (9-2) 0.45

5. Research Outcomes and Limitations

Based on the simulation results, it is observed that faults are identified, classified,
and located with an accuracy of more than 97% and within the minimum possible time.
These observations led to the development of rapid relaying mechanisms with reduced
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computations, resulting in the reduction in time of protection. Furthermore, the proposed
technique is useful in the classification of faults through machine learning and deep learn-
ing techniques because the proposed techniques provide not only the magnitude compar-
ison of instantaneous powers, but also enable gathering information about the healthy
and faulty cases with the sign of the instantaneous values of power. Therefore, a database
consisting of not only the values, but also the sign convention serves as a tool for training
and testing the algorithms. However, the proposed technique has a few limitations. The
two terminal-based protection schemes always require synchronized values of voltages
and currents at both ends of transmission lines. Synchronization is often affected by time
delays. Furthermore, this technique is applied to transmission lines that are farther from
the load centers. The reliability of the proposed technique can be compromised in power
distribution lines near the load centers because the sign convention of instantaneous val-
ues of the power of distribution lines is affected by the power factor angles of the load
centers before and after the fault. Hence, instantaneous values of power are not enough
for fault identification, classification, and location in power distribution lines.

6. Comparative Analysis

Because of its simplicity and accuracy, the proposed technique challenges the cur-
rently available techniques with exhaustive computation for accuracy. Therefore, it is nec-
essary to evaluate the proposed method in comparison to simpler and more complex tech-
niques for fault estimation in transmission lines. The performance of the proposed tech-
nique is compared with the existing techniques and is presented in Table 2.

Table 2. Comparison between different types of methods for FCL in power transmission lines.

Sr. No. Parameters Proposed Method Distance Relay Protection ANN
1 Accuracy High accuracy (97%) Inaccurate up to about 8% High
2 Complexity Low complexity Difficult Difficult
3 Time response Very fast response High Response
4 Detection of types of ~ Can detect all types of Can detect all types of faults Yes, can detect the fault
faults faults types
5 Detection c.)f phase in- Yes, detect the faulty phase No No
volved in faults too
6 Detectloﬁr?:sdlfferent Yes, can detect different Only in some cases, Yes, can detect different
affected by the fault lines affected by the fault  like phase-to-phase faults lines affected
Does not get affected by . . It requires so much domain
. . Expensive protection relay
7 Operational issues  the other parameters of the . . knowledge from experts,
tester is required . .
system time-consuming

Performance parameters compared in Figure 13 depict the effectiveness of the pro-
posed methods. Not only is the time of protection reduced significantly, but it also out-
classes accuracy, complexity, and discrimination. Figure 14 compares the accuracy con-
cerning fault location. It is observed that the proposed method is not affected by the in-
crease in the fault distance, resulting in maintained accuracy.
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Comparative analysis of different FCL methods in power transmission lines
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M Proposed Method 0.024 97% 20% 100%
m ANN Based Method 0.06 92% 100% 100%
Distance Relay Protection 0.2 98% 20% 66%
Parameters
B Proposed Method = ANN Based Method Distance Relay Protection
Figure 13. Comparison of performance parameters of different FCL methods in the power transmis-
sion line.
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Figure 14. Accuracy comparison of different FCL methods concerning fault location.

7. Conclusions

A simple and efficient technique is proposed for the detection, classification, and lo-
cating of transmission line faults by using the instantaneous power samples from both
ends. It is found from the simulation scenarios that the proposed method has an accuracy
of more than 97%. Different fault locations are estimated in this research with an error of
not more than 0.45%. Moreover, it is found from the fault classification and location that
the time difference between the actual and calculated fault is not more than 0.004 s, which
depicts its rapidness. The proposed method has the following characteristics:
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1. It does not require threshold comparison and requires only voltage and current sam-
ples from both ends of the line.

2. It detects the fault in a very short time, and its fast response does not affect its accu-
racy.

3. It can discriminate between faulty and non-faulty conditions.

4. It can operate well with modern relays. The operation of the relay does not affect its
performance.

5. The rapidness makes this technique an ideal candidate for the power system inte-
grated with renewable energy sources. In addition to this, peer-to-peer energy trad-
ing can be offered with the implementation of this technique.

6. This technique is implemented on the IEEE-9 bus system for various types of faults
and various fault locations. Its performance is not affected by any parameter of the
system. This property highlights its effectiveness on any type of system.
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