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Abstract—A new faulty section identification and fault distance
estimation technique for three-terminal transmission line (TTL)
is proposed in this paper. It is based on the derivation of three
indices by solving non-linear equations with iterative method
utilizing synchronized measurements from three ends of the line.
In the absence of synchronization, an angle synchronization
operator is derived for building a common reference among the
three terminals. The efficacy of the technique is verified by
generating several fault cases on an existing Indian 400 kV TTL
using PSCAD/EMTDC software. Reported results demonstrate
the capability of the presented technique for all types of fault on
three-terminal transposed/untransposed as well as the non-
homogeneous transmission line. It also provides accurate fault
location under comprehensive variation in type of fault, line
length, fault inception angle, complex fault impedance, source
impedance, and current transformer (CT) saturation condition.
Its accuracy remains almost constant despite errors in line
parameters, as well as synchronization and noise in the measured
signals. The initial guess has a minimal impact on the accuracy
and convergence of the presented technique. The attained results
reveal higher accuracy and better robustness of the proposed
technique in comparison with those of several existing
techniques.

Index Terms— Three terminal transmission line, synchronized
measurements, fault distance estimation, percentage error.

I. INTRODUCTION

AN accurate fault location algorithm has been a subject of
great interest to achieve fast repair of transmission line
and its timely restoration. Conventional fault location method,
suggested for a two-terminal transmission line, cannot be
directly applied on TTL due to remote infeed and involved
fault path resistance [1]-[6]. In the published literature, a
number of fault location methods have been proposed, which
can be broadly categorized as based on (i) single-end
measurement, (ii) unsynchronized/synchronized multi-end
measurements. The single-end measurement-based methods
utilize fundamental frequency components of voltage and/or
current for fault distance estimation [7]-[9]. Though these
methods are simple and economically viable, their accuracy
might be affected by current infeed and fault and system
parameters. Conversely, methods based on unsynchronized
multi-end measurements make use of post fault voltage and
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current phasors to locate transmission line faults [10], [11].
Though the said methods provide better accuracy compared to
methods based on single end measurement, inaccurate result
during symmetrical faults is the major factor that restricts their
feasibility.

Developments in the field of Phasor Measurement Units
(PMUs) have introduced numerous fault location methods
based on synchronized multi-end measurements. These
techniques can be classified based on the traveling wave,
wavelet transform, S-transform, electromechanical wave
oscillation, and symmetrical components. The time of first
traveling wave received at the relaying point has been utilized
for fault distance estimation by the traveling wave-based
schemes [12-17]. Regardless of their higher accuracy, they
would not be able to detect the fault that occurs near zero
inception point on account of insignificant magnitude of
transient components. Besides, they require a high sampling
rate to capture signal transients. Wavelet and S-transform can
be effectively used for estimation of fault location on a two
and/or TTL by analyzing low as well as high-frequency
components generated at the time of a fault [18]-[22]. Fault
detection and localization schemes for TTL based on the
calculation of indices are presented in [23]-[25]. However,
these algorithms may fail to locate the fault near or exactly at
the junction of three line-sections. Besides, their accuracy
might be affected due to a change in the equivalent source
impedance.

Synchrophasor based backup distance protection schemes
for estimation of fault distance on a TTL are proposed in [26].
The technique may produce significant errors for far-end low
resistance fault due to consideration of an imaginary part of
the line impedance. Later on, a fault location method based on
the arrival time of electromechanical-wave oscillation is
proposed in [27]. Although this method depends on sparse
PMU measurements that do not require high sampling devices,
application of neural network includes large training efforts
and tedious testing procedures. The fault location algorithms
for multi-terminal parallel transmission lines are proposed in
[28], [29]. However, the efficacy of the aforementioned
algorithms may not be ascertained in case of double/triple
phase to ground faults. Consequently, synchronized voltage
and current measurement based faulty segment categorization
and fault distance approximation techniques are presented in
[30], [31].

This paper proposed a novel faulty section identification
and fault location method based on synchronized
measurements from three ends of TTL. It works in the absence



of synchronized measurement by calculating the value of
synchronization operators to form a common reference among
the three ends. The main benefit of the presented technique
over several recently published techniques is that it has
consistent accuracy throughout the line for all types of faults.
It overcomes the issue of high sampling rate, data
synchronization error, and miscalculations during complex
fault impedance. Although the method is framed for
homogeneous TTL, it can be applied to non-homogeneous
TTL, two-terminal, and transposed as well as un-transposed
lines. Test results obtained for the diverse scenarios reveal that
the proposed technique is robust and accurate against wide
variations in fault parameters, errors in line parameters,
synchronization errors, and presence of noise in the measured
signals. The performance of the proposed technique is
minimally affected by an initial guess. It maintains an almost
equal convergence rate for all types of fault except a case of
CT saturation during an internal fault for which the
convergence of the iterative process may take a greater
number of iterations. The next section describes the
mathematical derivation of synchronization operators and
indices. Then, the performance of the proposed algorithm is
evaluated in Section III for different fault cases and wide
variations in system parameters. Section IV discusses the
comparative evaluation of the proposed algorithm with several
existing techniques. Lastly, Section V concludes the paper.

II. PROPOSED FAULT LOCATION METHOD

The single-line diagram of TTL, as a part of an existing
Indian 400 kV power transmission network of the western
grid, is shown in Fig. 1. It is equipped with PMUs at S, T and
R terminals. The line section between terminals S, R and T
and the junction point (M) is named as SM, RM, and TM,
respectively, having a length of Ls, Lk, and Ly, in that order.
The system parameters are depicted in the Appendix section.
The modeling of the said network has been carried out in
PSCAD/EMTDC software package based on the actual system
data gathered from the substations [32].

A. Derivation of indices

The proposed method is based on the derivation of three
indices, namely Ds, Dr, and Dg, which corresponds to a
hypothetical fault spot in the line section SM, TM, and RM,
correspondingly. It is noteworthy that the derivation of indices
utilizes only a positive sequence network. Therefore, it is
obvious that each variable mentioned in derivation refers to its
positive sequence value. The value of Ds can be calculated by
assuming a hypothetical fault at point F in the section SM.
Based on the concept of transfer matrix [33], the voltage and
current at the junction point with reference to terminal R and
T, respectively, are given by,
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Fig. 1. One-line diagram of an existing Indian 400 kV system with TTL
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terminal R and T, respectively. U v & Uy are the voltage at
the junction point M calculated using ABCD parameters of the
line section RM and TM, respectively. Similarly, Iv & Iu
are the currents transferred to the junction point M from

terminal R and terminal T, respectively, which is calculated
using ABCD parameters of the line section RM and TM,

correspondingly.Further, ¥ g,/ /s = \/ Ymirmrmve * Zsmirmimm

and  Z g pvimn Z\/ZSM/RM/TM/ Vs are the propagation
constant and the characteristic impedance of the line section
SM, RM and TM, respectively. Zgmyre @094 Y marris

are the per-unit series impedance and shunt admittance of the
line section SM, TM, and RM, respectively.

Subsequently, current phasors Iv and Iy are given by (2)
and (3), respectively.
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It is noteworthy to mention that the calculated value of
. . . . —R
voltage at the junction point from terminal R (U ) and

terminal T (ﬁzTu ) would be the same for a hypothetical fault
in the line section SM which is expressed as,
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Now, the fault point voltage with reference to terminal §
(Ufr) and M (U " ) are given by (5) and (6), respectively.
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Where, Yff(z v + YL) is the estimated current at M flowing

towards terminal S with reference to terminals R and 7. Ds is
the fault index of hypothetical fault spot with reference to
terminal S in terms of per unit distance. In this regard, based
on (5) and (6), a new non-linear equation is given by,

f(D)=Ur-Ur (7

The solution of equation (7) in terms of unknown Dy can be
obtained using the iterative Newton method that starts with an

initial guess of the root, ie., D; :D§| for equation (7).

Then, the next improved root (D.™") would be estimated as
per (8) [34]. Here, i is the iteration count.
/(D)
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Once the difference between successive roots is smaller than
the predefined tolerance limit (& ) or the maximum iteration
count number, the iterative process stops. It is described in the
literature that the computed phasor has maximum error
immediately after the inception of fault due to several factors
[35]. However, the presence of higher number of pre-fault

samples (limited number of post-fault samples) in the data
window also triggers such discrepancy in the computed
phasor. The error will be reduced when sufficient number of
post-fault samples are available. The above problem is more
pronounced in case of occurrence of an internal fault on the
line with CT saturation condition. In this case, the
convergence of iterative process may take a greater number of
iterations. In order to tackle this issue, the proposed algorithm
stops the iterative process for the corresponding sampling
instant once it reaches the maximum count. The obtained
result of this instant will be discarded as it has not satisfied the
tolerance limit. Afterward, the proposed algorithm tries to
achieve a solution for the next sampling instant.

A similar process can be repeated for calculation of D7 and
Dr. The relationship among these indices, used to identify the
faulty line section and fault distance estimation, is shown in
Table I. It is to be noted that length Ls, Ly and Lz will be
considered as the reference length for calculation of Ds, Dr
and D, respectively. In this regard, fault location in the line
section SM, TM, and RM can be determined at a distance of
DsLs, DrLr, and DgLg, respectively, away from terminal S, 7,
and R, in that order.

TABLE 1
CRITERION FOR FAULTY SECTION IDENTIFICATION AND ESTIMATION OF
FAULT LOCATION

Criterion Faulty section |Fault location (km)
0 <Ds<1,and Dr, Dr>1 SM DsLs
0<Dr<1,and Ds, Dr >1 ™ DrLr
0<Dr<1,and Ds, Dr>1 RM DrLr
Ds =Dr= Dr=1 Junction point M |DsLs= DrLr= DrLr

B. Derivation of the angle synchronization operator

Before proceeding with estimation of fault distance, it is
necessary to establish a common time reference by measuring
signals from all three terminals [36], [37]. If the time axis
(local time reference) at terminals R and T lags (it can lead
also) the reference time axis of terminal S by time sz (or Jr)
and #sr (J7), respectively, then the pictorial representation of
this situation is shown in Fig. 2. In this regard, the voltage and
current at terminal S, R and T are given as per (9), (10) and
(11), respectively.
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Where, (Us, Ous) and (Is, 0is) are the magnitude and phase

angle of voltage and current measured at terminal S,
respectively.
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Where, (U, , I, ) and (Ur , I, ) are the
unsynchronized voltage and current measurements at terminal
, I, )and (U, I, ) are
synchronized voltage and current at terminal R and T,
respectively. (6,,,6;) and (6,,,0,,) represent the phase

n

R and T, respectively. (U

angle of synchronized voltage and current at terminal R and T,
respectively. Synchronization operators, dg and dr, are the
phase angle lag of unsynchronized measurements
corresponding to terminal R and T, respectively, with
reference to terminal S.

These operators can be obtained by calculating junction
— T ,unsyn

point voltage Uy, Ux"""and Uy  with reference to
terminal S, R and T, respectively, using (12), (13) and (14),
correspondingly.

Uw =UsAy, —IsBg, (12)

where, U i is the calculated value of junction-point voltage
with respect to terminal S.
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where, (Uy , Ux ) and (ﬁff”, U/T\fm) are calculated
values of junction -point voltage with reference to terminals R
and T, respectively, by utilizing unsynchronized and
synchronized measurements, in that order.

It is to be noticed from Fig. 2 (b) that ﬁif , UL’M and ﬁRMM
would be equal during pre-fault conditions. Hence, the
expression of §, and 5, is derived from (12)-(14) and given

by (15) and (16), respectively.
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C. Proposed method

Utilizing 4 kHz sampling frequency with reference to 50 Hz
fundamental frequency, phase voltage, and current samples are

acquired at all terminals of TTL by instrument transformers.
These samples are utilized by PMUs for phasor computation at
all three terminals [38]. Then, the phasor values at each
terminal are used for the calculation of positive sequence
current and voltage phasors as per (17). The PMU, connected
at each terminal of TTL, transfers the positive sequence
voltage and current phasors to Phasor Data Concentrator
(PDC) with a data reporting rate of 50 frames/s [39].

I =t (Ga+ais+d’ic)
31 (17)
Ui =§(ﬁ,4 +aUp +a25c)

Where, subscript 1 indicates the positive-sequence
component anda =12120°. Further, subscript 4, B, and C
denotes phase quantities. The PDC located at the central
monitoring station collects the synchrophasor data available
from all the three terminals. Then, PDC decapsulates and
synchronizes the data using calculated values of dz and dr. The
synchronized data is utilized for calculation of Ds, Dr, and Dr.
Finally, the tasks of faulty line-section identification and
estimation of fault distance are carried out based on the
criteria given in Table I.

III. PERFORMANCE EVALUATION

Though large numbers of simulation cases are generated
with varying fault and system parameters, only few cases are
described in this section. The percentage fault distance
estimation error (also known as relative error based on the line
length) has been calculated as per (18).

|estimated location-actual location| 00
X

Error (%) = (18)

length between terminal S and R
The IEEE C37.114™-2014 standard [6] has prescribed three
methods for determining the fault location namely the absolute
error, traditional relative error and relative error based on the
line length. The relative error based on the line length has
been used by the proposed method as this error is independent
of the fault location.

A. Estimation of synchronization angles

The validity of equations (15)-(16) are evaluated by
simulating different conditions of power flow during pre-fault
condition. Based on the results obtained from the simulation
as well as from analytical calculations (as per (15)-(16)), the
values of dr and Jr are given in Table II. It is inferred from
Table II that the maximum error for estimation of both the
synchronization angles remains below 0.2%.

B. Internal faults

Results of the proposed algorithm, in terms of three indices,
during LG fault with Rr=1 Q at 10 km from terminal S and
LLG fault with Rr= 100 Q at 80 km from terminal R occurred
at 0.6 s are depicted in Fig. 3 (a) and (b), respectively. As
observed in Fig. 3 (a), the index Ds goes below unity whereas
other two indices stay well above 1.0 indicating the faulty
line-section SM as per the criteria given in Table 1. The



TABLE II
ESTIMATION OF SYNCHRONIZATION ANGLE

Pre-fault .
condition Synchronization angle (degree)
Power transfer or (degree) [Error Or (degree) [Error]
angle (degree)|Actual | Calculated %) Actual|Calculated (%)
Ous=-10 -10 -9.99 0.08 | +15 | +14.99 | 0.07
Our=-40 | 15| 11499 | 007 | 10 | 999 |o0.08
Our=-15
Ous=-10 -15 -14.98 0.13 | -10 -9.99 0.08
Our=-25 | 10| 1999 | 009 | -10 | 999 |0.08
Our=-15
Ous=-40 +5 +4.99 0.16 | -10 -9.99 0.08
Our=-10 1 0 | 41999 | 0.05 | +5 | +4.99 |0.14
Our=-25
Ous=-40 -12 -11.98 0.17 -8 -7.99 0.11
Our=-10 +16 +15.99 | 0.06 | -14 -13.98 | 0.14
Our=-35

estimated value of fault distance is 10.9 km (Ds X Lsy =
0.109%100) away from terminal S. Similarly, as witnessed
from Fig. 3 (b), the value of indices Ds, Dr, and Dy are 1.199,
1.402 and 0.798, respectively. Hence, RM is identified as the
faulty line section and the estimated value of fault distance is
79.8 km (Dg x Lryr=0.798x100) away from the terminal R.

Further, the result in case of a LLL fault at the junction
point is depicted in Fig. 4. It is to be observed from Fig. 4 that
all the three indices attain almost unity values. Hence, the fault
location is determined at the junction-point as per the criteria
described in Table I. Subsequently, the variation in all three
indices for varying fault locations in all the three-line sections
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Fig.3.  Value of Ds, Dr, and Dy during (a) LG fault (b) LLG fault
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Fig. 4. Value of D, Dy, and Dy during a LLL fault at the tap-point

particularly near the junction point are depicted in Fig. 5. It is
observed from Fig. 5 that the values of all indices approach
unity as the fault location moves towards the junction-point.
As observed from the zoomed portion of Fig. 5, the difference
in indices at the junction point is of the order of 0.0008 per
unit. The value of all indices can be round off up to 4™ digit
after the decimal with a tolerance value of ¢ = £0.0002. It
creates a zone around the junction-point for which every fault
will be located at the junction point. This zone is marked and
shown in Fig. 5 which is not more than 20.5 meters. Hence,
the percentage fault location error of the proposed method due
to this zone is of the order of 0.01%, which is very small.
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location

C. Influence of varying fault location and fault type

Fig. 6 (a) and Fig. 6 (b) show the performance of the
proposed method during ground faults (LG, LLG, LLLG with
Rr=200 Q) and phase faults (LL and LLL) occurred at 0.6 s
in line section SM with varying fault location. It is evident
from both the figures that the maximum error for ground faults
and phase faults is of the order of 0.1056% and 0.095%,
respectively. Hence, it is concluded that the method delivers
adequate results irrespective of fault type and varying fault
locations.
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D. Impact of varying fault resistance and fault inception
angle

Fault resistance may have a noticeable impact on the
accuracy of fault location method. In order to investigate the
effectiveness of the proposed method, various LG and LLG
faults in the line section SM with variable Rr from 0.1 Q to
150 Q have been simulated at 0.6 s. Results in terms of fault
distance estimation error are tabulated in Table III. It is
observed from Table III that the maximum error is 0.11% for
Rr =150 Q. These results confirm the effectiveness of the
proposed technique for high as well as low value of Rpr.
Similarly, the impact of varying fault inception angle (FTA)
on the performance of the proposed method in terms of fault
distance estimation error for various types of faults in the
line section RM is summarized in Table IV. It is observed
from Table IV that the fault location error stays below 0.25%
irrespective of the value of FIA, which endorses the efficacy
of the proposed technique.

TABLEIV
FAULT DISTANCE ESTIMATION ERROR DURING VARYING FAULT

INCEPTION ANGLE
FIA Fault distance Fault distance estimation error (%)
(degree) (km). from

terminal R LG LLG LL LLLG
0 15 0.095 0.083 0.091 0.089
95 0.042 0.048 0.049 0.051
40 15 0.113 0.094 0.093 0.097
95 0.074 0.065 0.078 0.071
20 15 0.225 0.148 0.126 0.094
95 0.091 0.082 0.085 0.083
120 15 0.101 0.097 0.094 0.092
95 0.076 0.072 0.077 0.074
160 15 0.099 0.093 0.131 0.112
95 0.058 0.052 0.061 0.053

consistent performance for un-transposed TTL as the
maximum fault distance estimation error remains below 0.2%
for all types of fault.
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Fig. 7.  Impact of un-transposed TTL on percentage error

TABLE III
FAULT DISTANCE ESTIMATION ERROR DURING VARYING FAULT
RESISTANCE
Rr(Q) Fault distange (km) | Fault distance estimation error (%)

from terminal S G LLG
01 1 0.089 0.062
90 0.066 0.058
1 0.087 0.065
> 90 0.068 0.059
1 0.094 0.059
>0 90 0.089 0.07
1 0.110 0.078
150 90 0.083 0.063

E. Impact of un-transposed TTL

In this case, modeling of three-line sections SM, RM, and
TM has been changed from transposed line to un-transposed
line. The performance of the proposed method in terms of
maximum fault distance estimation error during ground faults
(LG, LLG with Rr = 50 Q and LLLG with Rr = 10 Q) and
phase faults (LL and LLL), simulated at 0.6 s, are depicted in
Fig. 7. As observed in Fig. 7, the proposed approach yields

F. Effect of synchronization error

Synchronization error corresponds to angle mismatch in
data of one terminal with respect to data of other terminals. As
per the IEEE C37.118.1-2011 standard, the time mismatch
(fsynchError) 18 determined by the need to match the requirement
for a maximum of 1% of Total Vector Error (TVE) that
corresponds to +31 ps or 0.57 degree [39]. For different
ground and phase faults occurring at 0.6 s in the line section
SM, phase angle error of 0.57 degree is introduced in the data
measured at T and R terminals. The maximum fault distance

TABLE V
FAULT DISTANCE ESTIMATION ERROR CONSIDERING
SYNCHRONIZATION ERROR
Maximum fault location error (%)

Fault type Proposed

method [24] [28] [29]
Ground faults
(LG/LLG/LLLG) 0.77 0.94 1.93 2.11
Phase faults

(LL/LLL) 0.81 1.02 2.17 2.32




estimation error given by the proposed scheme along with
other schemes [24], [28] and [29] are depicted in Table V. The
results indicate that the accuracy of the proposed method is
comparatively better than the accuracy given by other
methods.

G. Effect of noise in the measurements

The measurement data in the actual field are distorted due to
transducers and environmental noise. In order to replicate the
actual field data, a white Gaussian noise having different
values of signal-to-noise ratio (SNR): 20, 30 and 40 dB is
incorporated in the measured data. Various fault cases have
been studied for different fault locations. Fig. 8 shows the
maximum percentage error among all the simulated LLL
faults at 0.6 s. It is to be noted from Fig. 8 that though the
maximum percentage error increases, its value remains less
than 5% even with worst-case i.e., SNR = 20 dB.

T ' |

Error (%)
w

1r | 0.73 1
0 20 dB 30 dB 20 dB
SNR
Fig. 8. Response of the proposed scheme considering noise in
measurements

H. Influence of errors in line parameters

The impact of errors in line parameters on the accuracy of
the proposed method are investigated by introducing 1%, 5%,
and 10% errors. The results in terms of maximum fault
distance estimation error along with other existing methods
[10], [24], [28], and [29] during various ground and phase
faults are reported in Table VI. It is observed from Table VI
that unlike other methods, the maximum fault distance
estimation error given by the proposed method remains less
than 5% even with 10% errors in line parameters.

TABLE VI
PERFORMANCE EVALUATION OF THE PROPOSED METHOD IN CASE OF
ERRORS IN LINE PARAMETERS

Errors in Line | Maximum fault distance estimation error (%)
parameters | pronosed
(%) melt)ho d [10] [24] [28] [29]
1 0.14 1.55 0.23 0.45 0.33
5 2.39 4.17 3.31 3.43 4.76
10 4.78 8.43 5.87 6.99 7.12

L Impact of the initial guess on convergence and accuracy of
the proposed algorithm

Though Newton’s method has the property of fast
convergence, its accuracy depends on the initial guess and
tolerance limit. In order to decide the initial guess, a
comprehensive study has been performed by varying initial
guess (0.1 to 1 in steps of 0.1) and fault location (0 to 1 per
unit in steps of 0.1). The variation in fault distance estimation
error against different values of initial guess and fault location
during a LG fault in the line section SM is depicted in Fig. 9.
Results shown in Fig. 9 depict that the accuracy of the
proposed method is affected marginally as the error remains
less than 0.5 % irrespective of initial guess. As a higher value
of initial guess results in higher error, the initial guess of 0.1
per unit is selected for all the cases. At the same time, it is
observed that with any value of initial guess between 0.1 and
1, the proposed technique entails only 3 iterations for
converging the algorithm with a tolerance limit of 1073. It is
worthwhile to note that change in tolerance limit to any value
between 10 and 107 does not significantly reduce fault
distance estimation error. Further, in case of tolerance limit <
107, the convergence time or the number of iterations rises
from 3 to more than 10. At the same time, for tolerance limit >
1073, the accuracy of the method decreases significantly.
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Fig. 9. Response of the proposed scheme for varying initial guess and
fault location

J. Impact of change in source impedance

Owing to different reasons or due to outage of nearby
transmission lines, the source impedance value may vary. In
order to check efficacy of the proposed algorithm, equivalent
source impedance behind all the three terminals (S, T and R)
has been changed from 4 times to one-half times with
reference to their original values (as given in Appendix).
Results given by the proposed technique along with other
techniques in terms of fault distance estimation error for a
LLG fault at 0.6 s at a distance of 0.5 km from terminal S are
shown in Table VII. It can be inferred from Table VII that the
error given by the proposed technique is lower than 0.4%
compared to higher value of error given by several existing
techniques.



TABLE VII
COMPARISON OF THE PROPOSED METHOD WITH OTHER METHODS
DURING CHANGE IN SOURCE IMPEDANCE

Change in source Fault distance estimation error (%)
impedance with respect to
original value at terminal |Proposed 1107 | 1241 | 1281 | 129]

S T R method

4 times | %5 times | Y2 times |  0.35 4.561.02|3.17 | 2.58
4 times | 2 times | % times| 0.38 397 1(0.94| 3.21|2.23
Y times| 4 times | 2 times | 0.39 | 4.62 [1.07| 3.14 | 2.29
Y times| 2 times | 4 times | 0.36 | 4.44 (1.12| 3.18 | 2.27

K. Impact of CT saturation

In numerical/digital relays, CT saturation leads to an error
in phasor estimation especially for conventional methods. This
leads to inaccurate estimation of fault location.

As the proposed scheme has used Modified Discrete
Fourier Transform (MDFT) algorithm for phasor estimation of
current signals [38], it estimates the phasors with smooth
transient response, minimal overshoot and fast settling time
(even considering the effect of noise present in the signal).
However, it is also true that none of the phasor estimation
algorithm can neutralize the effect of CT saturation
completely. At the same time, the probability of CT saturation
is more prominent in case of heavy short circuit (LL and LLL
fault), which includes a significant decaying DC component.
The effect of CT saturation can be reduced to a great extent if
due care is taken while designing and choosing an accuracy
class of CT cores. As 85-90% faults on overhead transmission
lines are single line to ground (LG), a saturation of CT for
such type of fault can be neglected due to minimum level of
short circuit current compared to the level of fault current
during heavy short circuit faults (LL and LLL). Subsequently,
protection engineers are more concerned about saturation of
CT particularly during external faults [40].

The performance of the proposed algorithm has been
evaluated by simulating an internal three-phase fault at 0.6 s in
the line section SM (5 km from terminal-S). The CT
secondary burden has been increased to simulate the effect of
saturation of the CT core. Fig. 10 (a) and (b) shows the
corresponding three-phase current waveforms and indices,
respectively. The line section SM is chosen as a faulty section,
and Ds shows the per-unit fault distance with respect to
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terminal S which is 0.0628 per unit or 6.28 km (0.0628%100)
with a percentage error of 0.14. Furthermore, the results
during faults in three different line sections at various
locations with CT saturation are summarized in Table VIII. It
is to be noted from Table VIII that the proposed algorithm
estimates the location of fault accurately and the maximum
error is of the order of 0.684 in case of a LLL fault at 5% from
terminal T. The aforementioned results indicate that the
proposed scheme provides acceptable fault distance estimation
accuracy even with considerable CT saturation.

L. Non-homogeneous (mixed) transmission lines

In certain cases, the system may consist of non-
homogeneous AC transmission lines which are composed of
different line parameter sections, such as underground cables
in conjunction with overhead lines [29]. The proposed
algorithm can be extended for non-homogeneous TTL with
minor modifications. Fig. 11 shows a single line diagram of a

TABLE VIII
PERFORMANCE OF THE PROPOSED ALGORITHM FOR CLOSE-IN FAULTS WITH CT SATURATION

Fault location error (%)
Fault Fault from terminal S in line section Fault from terminal T in line section Fault from terminal R in line section
type SM at distance of TM at distance of RM at distance of
5% 7% 10% 5% 7% 10% 5% 7% 10%
LLL 0.64 0.612 0.579 0.684 0.622 0.549 0.621 0.614 0.581
LL 0.609 0.593 0.571 0.648 0.614 0.562 0.609 0.603 0.575
LLLG 0.64 0.612 0.575 0.682 0.593 0.544 0.617 0.608 0.577
LLG 0.611 0.593 0.572 0.661 0.585 0.537 0.594 0.597 0.564
LG 0.634 0.61 0.568 0.636 0.583 0.534 0.611 0.595 0.569




non-homogeneous TTL. In Fig. 11, line section SM consists of
two sub-sections i.e. one overhead line (SJ) and the other is
underground cable (JM). Similarly, the other two line-sections
(RM and TM) are also divided into two sub-sections.

wmemsm  Cable

Overhead line

e Terminal

éf Hypothetical fault
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i Lt L Ly . Lt
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Fig. 11

Single line diagram of the non-homogeneous TTL

In order to calculate the fault Ilocation, indices
corresponding to each sub-section are derived in a similar way
as calculated in Section IT A for homogeneous TTL. Hence,
the total six indices i.e. Dsy, Dy, Dri, Dim, D1k, and Dk, are
determined. The criterion for identification of faulty line
section and fault distance calculation is depicted in Table IX.
According to the criteria given in Table IX, the results of the
proposed algorithm for faults in non-homogeneous TTL are
shown in Table X. It is observed from Table X that the
proposed algorithm is able to estimate the location of fault on
non-homogeneous TTL accurately as the error remains less
than 0.5%.

M. Impact of communication errors

The communication error occurs due to latency and data
packet loss [41], [42].

(1) Latency: It occurs due to (i) variation in processing
window with reference to data reporting rate, bandwidth/baud
rate and the class of PMU, and (ii) transportation of data. The
transportation latency depends on the physical length of the
communication link and the medium of communication. It can
be ignored as its value is of the order of micro-seconds [42].
Conversely, the latency due to variation in processing window

TABLE IX
CRITERION FOR FAULTY SECTION IDENTIFICATION AND ESTIMATION OF
FAULT LOCATION

Faulty section
o - - Fault
Criterion Line Sub line .
. . location (km)
section section
0<Dss<1,Dm<0
’ SJ DsiL
(D1x, Dkum, Dre, Drav) > 1 SM SIEST
0<Dp<1 M |Ly+ D
(Dsy, D1k, Dxm, Drr, Div) > 1 ST ME M
0<Drx <1,Dxkm<0
’ TK DrxL
(Dsy, Dsm, Dri, Div) > 1 TRETK
™
0<Dxm<1 KM Lrx+
(D1x, Dss, Dim, Dri, D) > 1 DmLxm
0<Dre<1,Dmu<0
’ RL DriL
(Dss, Doy, D1k, Dxv) > 1 RM RLERL
0<Dmu<1 LM Lrs D,
(Dre, Dss, Dim, D1k, D) > 1 RLTLMELM
Dy = Dkym = Dim =1 Fault is at the junction-point

includes time taken by a packet (all bits of a message) from
analog input time instant to the instant at which digital output
is available from PMU. For the proposed algorithm with a
dedicated communication link for TTL, as shown in Fig. 1,
positive sequence voltage and current (two signals) need to be
transferred by each PMU. As each signal consists of 1 start bit,
1 stop bit, 8 data bits, and no parity bit, the total 20 bits (10
bits/signal) are required to be transferred corresponding to
each message (or sampling instant). For a data reporting rate
of 50 frames/s (or packets/s) with a sampling frequency of 4
kHz, the total number of messages per frame is 80.
Considering conventional channel bandwidth of 64 kbps, the
time required to transfer a message is around 1.25 ms
(80/64000). Hence, the total time required or latency per frame
to reach a destination (PDC) would be around 100 ms (80
messages per frame x 1.25 ms per message). Though the
latency experienced by PMUs located at different terminals
may not be the same, the PDC can easily align the data
received from PMUs as long as it is time-stamped using GPS
clock. In case of unavailability of GPS, each PMU transfers
the data to the PDC with a local time-stamp. Hence, the data
with a local time-stamp received at PDC need to be

TABLE X
RESPONSE OF THE PROPOSED METHOD FOR THREE-TERMINAL NON-HOMOGENEOUS TRANSMISSION LINES

Fault condition Results
Faulty . L. Faulty section Fault distance
Fault parameters section Fault distance Value of indices (p.u.) identified error (%)
Dsy=2.89, D= 1.866
{;tLOL;(’j‘;ﬂt TK f féﬁi‘l"}l Dix=0.202, D= -0.721 TK 0.025
DU N Dr=2.877, D= 1.881
Dsj=2.246, D= 1.323
R i?ofglgt 06055 KM 15 i?:ltfigm Drx=1.567, D= 0.6112 KM 0.14
With fer : p D= 2245, D= 1.324
Dsy=3.533, D= 2.527
I;tLoGﬁs““ RL isrlél‘?nzogl Dirx=4.92, Diy=4.111 RL 0.2225
DU N Dr=0.5089, D= -0.513
Ds;=2.289, Dju=1.23
R i?ofglgt 06055 M 40 lgfllltfrfm Drx=2.48, Dxn=1.44 LM 0.155
With fer : p Dre=1.825, Dia= 0.8062




synchronized with reference to the local time corresponding to
a terminal. This can be achieved by deriving synchronization
angles to form a common time reference as discussed in
Section II B. Once the synchronization angle is calculated, the
data received from different terminals can be time-aligned as
in case of synchronized measurements. Hence, the accuracy of
the proposed algorithm is minimally affected due to latency
effect. However, lateness (due to latency) in receiving data
from other remote terminals would delay the process of
execution of the relay algorithm.

(2) Data packet loss: Data packet loss is defined as the event
when PMU data stream does not reach its desired destination.
Though data packet loss depends on multiple factors, majorly
two reasons can be attributed [41],[42]. The first reason is
network congestion which results in less queuing time for the
subsequent packets. The second reason is due to transmission
error (bit error). These data packet losses may adversely affect
some of the real-time applications in which PMU data are
used. However, this paper has not considered the impact of
congestion/data packet loss.

N. Computation time

The proposed algorithm utilizes a sampling frequency of 4
kHz (80 samples/cycle). In this regard, the computation time
available between two consecutive samples or data windows is
0.25 ms (250 ps). The total computation time of an algorithm
or data structure operation depends on the total number of
arithmetic operations involved in the algorithm, hardware, and
software [43]. In the proposed algorithm, the non-linear
equations are solved using iterative methods to obtain the
value of indices. The total number of operations to calculate
the three indices using the proposed algorithm would be
around 6697 [44]. It is to be noted that the number of primitive
operations can be further reduced by utilizing optimized
coding of algorithm in high-level language. For TMS320XXX
signal processor (TI family, 40 MHz to 1200 MHz clock, 32-

bit, floating-point), the execution of the proposed algorithm
with 6697 arithmetic operations would take around 167 us
(using the minimum clock frequency of 40 MHz). Hence, the
execution time of the proposed algorithm is lower than the
time between two consecutive samples (250 ps). Further, with
the faster signal processor of the same family (available at
present up to 1200 MHz), the execution time of the algorithm
may reduce to 5.56 us [45], [46].

IV. COMPARATIVE EVALUATION

Comparative evaluation of the proposed method with other
existing methods on several aspects are depicted in Table XI.
The proposed technique offers the following advantages when
compared to other methods:

e For a LG fault at 50 km from terminal S (at 0.6 s) with Z¢
=1 + j10 Q, the proposed method provides better
accuracy (as the error is only 0.09%).

e In case of close-in LG faults (at 0.6 s) at 0.1, 0.5 and 2 km
from terminal S, the maximum fault location error given
by the proposed method is very small (0.12%) .

e The proposed scheme can accurately estimate fault
location with an error of 0.02% during a high resistance
LG fault with Rr = 100 Q at 0.6 s near or at the junction
point.

e [ts performance is minimally affected due to noise in the
measurement signals as it yields the lowest error (4.51%).

e It is suitable for all types of faults, reduced influence of
synchronization errors and line parameter variations, and
applicability for both transposed as well as un-transposed
lines.

e It provides better accuracy (fault location error stays
below 5%) even when considering high value of errors
(10%) in line parameters.

V. CONCLUSION

A novel faulty section identification and fault distance

TABLE XI
COMPARATIVE EVALUATION OF THE PROPOSED METHOD WITH OTHER METHODS
Criterion Proposed
Method [10] [23] [24] [28] [29]
Complex fault impedance
(Zr=1+10) 0.09 1.32 12.75 0.13 14.2 0.94
Fault ' 0.1 km from terminal S 0.12 3.49 0.44 2.47 2.89 2.63
distance | Closesin (o torminal S 0.11 2.73 0.31 2.01 2.23 2.43
estimation | LG fault 7 inal 0.04 1.8 0.26 1.86 1.42 1
error (%) m from terminal S . .89 . . . 17
High resistance fault at junction-point 0.02 1.95 0.09 0.17 0.27 0.06
Effect of noise (SNR=20 dB) 4.51 8.77 6.83 6.49 8.16 8.43
Applicability for all types of fault
(Yes: Applicable and No: Not Applicable) Yes No Yes Yes Yes Yes
& & & & & & &
Requirement of fault type identification No No Yes No No No
(Yes: Required and No: Not required)
: - o -
Maximum fault 10C3.t101} error (%) considering 478 843 719 587 6.99 712
10% errors in line parameters
. . Distributed | Lumped | Distributed | Distributed Lumped Distributed
Modeling of line
parameters |parameters | parameters | parameters parameters parameters




estimation technique for TTL is presented in this paper.
Considering distributed parameters and utilizing synchronized
measurements from all three terminals of the line, three
indices have been derived for segment identification and
estimation of fault location. The proposed scheme measures
fault location accurately (as maximum error stays below 4.8%)
even in case of presence of noise in measurements, errors in
line parameters and synchronization, and wide variation in
fault and source parameters. It also maintains almost
consistent convergence rate for all types of fault except under
CT saturation during an internal fault when the convergence
requires more iterations. Subsequently, it provides better
accuracy in locating faults when compared to other existing
methods in case of complex fault impedance, close-in
symmetrical fault and high resistance fault at the junction
point. The suggested scheme is also applicable to three-
terminal transposed/untransposed as well as non-homogeneous
transmission lines. Unlike several existing techniques, it
applies to all types of fault and does not require fault type
identification. However, impact of data packet loss needs to be
considered as a future research work.

APPENDIX

TABLE A.1
SYSTEM PARAMETERS

Source parameters

Zi sy = Zz srry = (0.55+7.98) Q, Zy srmy = (1.5+j23.98) Q

Line parameters

Positive/negative sequence impedance (0.032+j0.3184) /km
(0.256+j1.174) Q/km

0.01163 pF/km

Zero sequence impedance

Positive sequence capacitance (C,)

Zero sequence capacitance (Cy) 0.0076764 pF/km
(0.249+j1.172) Q/km

100, 50 and 100,

Zero sequence mutual impedance (Zg)

Length of Lsy, Lyy and Lgy line section

respectively, in (km)
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