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ABSTRACT This article introduces a new time-domain fault location algorithm for two-terminal parallel
transmission lines connected to large scale wind farms. The proposed algorithm employs only a half-cycle
data window of synchronized current samples at both line terminals to avoid inaccurate estimation of current
phasors due to the generated sub- and inter-harmonics currents by the wind farms. The proposed algorithm
does not need any transformation method to decouple the double-circuit transmission line. Moreover,
it takes into consideration the effect of the line asymmetry and the potential couplings between the six
phases. The fault location equation is deduced by equalizing the differential components of the calculated
instantaneous voltages at the fault point, and then the fault distance is estimated directly without any iterative
algorithm. The two-terminal parallel transmission line is emulated by PSCAD/EMTDC platform utilizing
the frequency-dependent phase model, and the required calculations for fault location are conducted by
MATLAB software. The proposed algorithm is tested for several fault resistances and fault locations, and
all fault types, including cross-circuit faults. In addition, the effect of measurement, synchronization, and
line parameters errors on the fault location accuracy is investigated. The obtained results confirm acceptable
accuracy of the proposed fault location algorithm.

INDEX TERMS Domain fault location, double-circuit transmission line, large scale wind farms, current

samples.

I. INTRODUCTION

Double-circuit transmission lines are widely employed
for power transmission systems. Fault location estimation
for double-circuit lines is more complex than that for
single-circuit lines due to the existing potential couplings
between the parallel circuits and the occurrence possibility
of cross-circuit faults. Various fault location algorithms have
been proposed for transmission lines [1], [2]. Their princi-
ples and adopted algorithms have been introduced in [3],
which include traveling-wave based schemes, high-frequency
components based schemes, knowledge-based schemes,
and frequency-domain based schemes. Both traveling-wave
and high-frequency components based schemes are more
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complex and expensive as they are based on a high sampling
frequency and especially tuned filters for high-frequency
components measurements, respectively [3]. In addition,
knowledge-based schemes initially require manual training
process, and they are not applicable to new transmission
lines without performing a new training process [3]. More-
over, frequency-domain based fault location schemes are a
well-known method in literature for double-circuit transmis-
sion lines [4]-[10]. One of the main challenges for such
schemes is the accurate estimation of voltage and current
phasors at line terminals, especially during the fault transient.
Therefore, a long data window after fault instant may be nec-
essary to estimate the phasors accurately, and consequently,
the fault location. However, a long data window may not
be available in case of using high-speed tripping protective
relay [11], [12]. In addition, for transmission lines connected
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to large scale wind farms, the fault characteristics of the wind
turbine generators are completely different from those of
the synchronous generators [13]. Furthermore, the phasors
may be estimated inaccurately due to the negative effect of
the generated sub- and inter-harmonics by the wind farms,
especially during the fault transient [14].

Considering the above reasons, time-domain based
fault location schemes, which utilize a short data win-
dow, have been introduced for transmission lines [12],
[15]-[17]. In [12], a time-domain fault location scheme
has been proposed using current samples. In this scheme,
the double-circuit line is decoupled into the differential
component and the common component where the dif-
ferential component is utilized for fault location calcula-
tions. In [15], a time—time-transform-based fault location
scheme has been introduced for three-terminal single- and
double-circuit transmission lines. In this scheme, a time-time
transformation is used to determine the arrival time of the
travelling waves, which is used to estimate the fault location.
Both schemes [12], [15] have high fault location accuracy for
a higher sampling rate. However, the fault location accuracy
for both schemes decrease with the decrease in sampling
rate. In addition, the line asymmetry has a negative influence
on the fault location accuracy of both schemes, especially
for double-circuit lines due to the mutual coupling effect
between both circuits. Furthermore, the scheme in [12] is
not applicable for cross-circuit faults. In [16], a time-domain
fault location scheme has been proposed for single-circuit
transmission lines. In this scheme, a minimum sampling rate
of 40 kHz is required. In addition, its fault location accuracy
is negatively affected by the sampling rate and the errors in
line parameters. In [17], a time-domain fault location scheme
has been proposed for double-circuit transmission lines uti-
lizing on-terminal current measurements. However, it may
become difficult to estimate accurately the fault distance in
the absence of the measurements from the other line terminal
due to the negative effect of several factors, such as loading
conditions, fault infeed from other end, and variable source
impedances. In addition, the errors in line parameters have
a significant impact on the fault location accuracy of the
one-end fault location schemes.

For transmission lines connected to large scale wind farms,
Several fault detection schemes have been proposed to over-
come the over-reach and under-reach problems associated
with the distance protection for these lines connected to
large scale wind farms, such as [18]-[22]. However, only
two time-domain based fault location schemes have been
introduced for single-circuit transmission lines [23], [24].
In [23], wireless communication links are utilized to transfer
the measured voltage and current signals from one end of the
line to the other end. In addition, a half-cycle post-fault data
window is used for fault location calculations. This scheme
requires a sampling frequency of 20 kHz. In [24], fast discrete
S-transform is used to detect the arrival time of the first
travelling wave of the currents at each terminal. However,
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this scheme requires a high sampling frequency of 200 kHz,
which may not be applicable practically.

For double-circuit transmission lines connected to a large
scale wind farms, only an adaptive distance relay setting has
been proposed in [25]. However, the fault location issue is not
introduced in this article. In Egypt, there are two large scale
wind farms at Gulf of Suez (Ras Ghareb) station and Gabal
El-Zeit station, which are connected to the Egyptian grid
through double-circuit transmission lines with line lengths
of 50 km and 280 km, respectively [26]. Recently, the aver-
age rated capacity of the installed offshore wind turbines
reached up to 8.4 MW [27], and the first prototype of the
largest onshore wind turbine (12 MW) has been installed
at the Port of Rotterdam in 2019 [27]. Consequently, with
the increasing power capacity of the large scale wind farms,
the double-circuit transmission line is an available option for
interconnection with main grid.

In this article, a time-domain fault location algorithm is
proposed for two-terminal parallel transmission lines con-
nected to large scale wind farms. The double-circuit line is
simulated using the PSCAD/EMTDC software utilizing the
frequency-dependent phase model. The main advantages of
the proposed algorithm are:

« A half-cycle of the post-fault current samples at both line
terminals is only required for fault location calculations,
and there is no need for any transformation technique to
decouple the double-circuit transmission line.

o The fault location equation is derived considering the
line asymmetry and the mutual coupling between all
phases.

o The fault distance is calculated directly using a
non-iterative equation, and the computational burden is
negligible.

The proposed algorithm is tested considering several fault
resistances up to 100 2 and fault locations. The locations of
all types of faults, including cross-circuit faults, are consid-
ered. Furthermore, the effect of different sampling rates, syn-
chronization and line parameters errors on the performance
of the proposed fault localization algorithm is investigated.

This article is organized as follows. The modeled power
system and the derived fault location equation are discussed
in Section II. In addition, the implementation of the proposed
fault location algorithm is shown in Section III. Furthermore,
the simulated results are presented in Section IV, and this
article is summarized in Section V.

Il. PROPOSED FAULT LOCATION ALGORITHM

In the next subsections, the simulated power system is intro-
duced in Sub-section II.A, and the deduction of the fault
location equation is presented in Sub-section II.B.

A. SIMULATED POWER SYSTEM

Fig. 1 shows the 220 kV, 60 Hz, Dsg = 150 km paral-
lel transmission line connected between terminals S and R.
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WTG: Wind-Turbine Generator
Gen. CC: generator converter and control
Grid CC: Grid converter and control
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FIGURE 1. Modeled Power System.
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FIGURE 2. Tower specifications for parallel transmission line.

The wind farm is connected to terminal S through step-up
transformer, and it consists of a type-3 double-fed wound
rotor induction generator and an AC-DC-AC voltage source
converter. More detailed information regarding the con-
trollers of both grid and rotor sides, the crowbar circuit pro-
tection, and the DC-link chopper are given in [28]. The power
capacity of the wind farm is equal to 300 MW (60 x 5 MW),
and the step-up transformer is 33/220 kV, 500 MVA, and
Yg/Yg solidly grounded connection with leakage reactance
of 10%. The main information of the wind-turbine generator
is presented in Appendix A, and the rating of the wind-turbine
transformer is 0.69/0.69/33 kV, 5.5 MVA, and Yg/Yg/Yg
solidly grounded connection. In addition, the current trans-
formers (CTs) are simulated considering its characteristics
and the data of the CTs are presented in Appendix B. Further,
the system source parameters at terminal R and the line
parameters matrices considering the untransposition of the
double-circuit line are given in Appendix C and Appendix D,
respectively. The tower configuration of the parallel line
(S-R) is depicted in Fig. 2.

B. DEDUCTION OF THE FAULT LOCATION EQUATION
In [11], a fault location algorithm has been introduced for
single-circuit transmission lines. However, the synchronized
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voltage and current samples at both line ends are required
to deduce the fault location equation. In addition, all line
parameters (line resistance, inductance, and capacitance) are
required, and the effect of the errors in line parameters is
not investigated. Furthermore, in case of long lines, iteration
method is required to estimate the fault distance. On the
other hand, the proposed fault location algorithm utilizes only
the synchronized current samples at both line ends, and the
line shunt capacitance is not required. In addition, the fault
distance is obtained directly using non-iterative equation, and
the computational burden is negligible, as explained later in
this subsection. Moreover, the performance of the proposed
algorithm is robust against the errors in line parameters,
as shown later in Subsection IV.D.

Consider a generic fault at a distance of Dgr away from
terminal S and Dgr away from terminal R, as shown in Fig. 1.
Considering the line shunt capacitance, the instantaneous
voltage in time-domain at fault point (ups(¢)) is written as:

dli
ups(t) = usg(t) — Dsp % {R X igp(t) + L x [liil;(t)] }
(1)
where igr(t) is equal to:
1 d
iSF(t):iSR(t)_E XDSFXCx% )

where the dimensions of both instantaneous phase voltages
{ups(t) and usg(t)} and currents {isr(¢) and isgr(t)} are 6 x 1.
R, L, and C are respectively, resistance, inductance, and
capacitance matrices of the line (S-R) per-unit length, and
they are equal to:

Ral,al Ral,bl Ral,cl Ral,aZ Ral,bZ Ral,cZ
Rp1,a1 Rp1,b1 Rplel Rpi,a2 Rp1p2 Rpic2

R— Reia1 Re1pt Retel Reta2 Rerp2 Rele2 3)
Rpo,a1 Ra2pt Razel Raa2 Rapp2 Rad,c2
Rp2,a1 Rp2p1 Rp2el Rib2,a2 Rp2p2 Rp2,c2
| Re2a1 Raapt Reoet Re2a2 Reop2 Reze2
Lat,a1 La1,pt Latet Lat,a2 Lalp2 Lal,e2
Lpi,a1 Lp1,pr Lptet Lptaz Lpip2 Lot

L= Lcl,al Lcl,bl Lcl,cl Lcl,aZ Lcl,bZ Lcl,cZ (4)
Lot La2,pt Laz,cl La2,a2 La2p2 La,c2
Lyp.ai Le2.pt Lict Lp2a2 Lpop2 Lpo,c2
| L2l Lot Lzt Leza2 Leapa Lezc2
Cat,al Carp1 Catel Cala2 Carp2 Cale2
Cri,at Coipt Coret Chia2 Coip2 Chlye2

C— Cear Capl Cerer Cera2 Cape Cele )
Ca2a1 Capt Cazel Ca2a2 Ca2p2 Caz,e2
Cr2.a1 Co2p1 Cr2e1 Co2.a2 Cr2p2 Ch2,c2
| Ce2.a1 Caap1 Caael Ce2a2 C22 Ce2,c2

where ay, by, c1, a2, b>, and ¢, denote the phases of circuit-
1 and circuit-2, respectively. As the instantaneous voltage at
the end S(usgr(?)) of similar phases in both circuits are equal.
Therefore, the differential component of similar phases in
both circuits for the instantaneous voltage (usg(?)) and its
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derivative {W] are equal to zero:

usR,q1(t) — usg,qa2(t)

usR p1(t) — usg,p2(t)

usg,c1(t) — usg,c2(t)

0
0| &af
0

d [usr(t)]

-0
dt

(6)

Equation (1) is rewritten after subtracting similar phases in
both circuits of the instantaneous voltage (urs(t)) from each

other:

Aups(t)=—Dsr {ARX Aisp(1)+AL x A{_d[iSF(’)]}}

dt
@)

where Aurps(t), Aisr(t), AR, and AL are equal to:

Aups(t) =

Aups(t) =

AR =

AL =

urs,a1(t) — ups,q2(t)
urs p1(t) — ups p2(t) | &
| urs,c1(t) — urs, (1)
isF,a1(t) — isF,a2(f)
isF p1(t) — isF p2(f)
| isF,c1(t) — isF,c2(1)

Ral,al _Ral,aZ
Rp1.a1—Rp1,a2
_Rcl,al _Rcl,aZ
Lal,al _Lal,aZ
Lp1,a1 —Lp1,a2

Lcl,al _Lcl,aZ

Ra1,p1 —Ra1,p2
Rp1,01 —Rp1,p2
Re1 b1 —Re1,p2

La1 b1 —La1,m2
Lp1,p1 —Lp1,p2
Le1,p1 —Le1,p2

Equation (2) is also rewritten:

Aisp (1) = Aigr(t) =

®)

Ral,cl _Ral,CZ
Rp1,c1—=Rp1,c2
Rcl,cl _Rcl,CZ_
©))
Lal,cl _Lal,CZ
Lp1,c1—Lpi1,c2
Lcl,cl _Lcl,c2_

isR,a1(t) — isr,a2(t)

isr,b1(t) — isr p2(t)

isR,c1(t) — isr,c2(1)

Accordingly, equation (7) is rewritten as follows:

Aups(t)=—-Dgr X {ARX Aisr(t)+ AL X A {

(10)
(11)
d [isr(1)] }}
dt
(12)

Similarly, the differential component of the similar phases in
both circuits for the instantaneous voltage (Augg(?)) is equal

to:

Aupr(t)=—Dgr X {ARX Aigs(t)+ AL x A{

d [irs(1)] ”
dt
(13)

From Kirchhoff voltage law, both variables (Aups(¢) and
Aupg(t)) must be equal to each other at the fault point.
Accordingly:

(Dsg — Drr) % {AR x Aisg(t) + AL x A {

d [isg(?)] ”
dt

= Dgr X {AR X Aigs(t) + AL x A {%H (14)
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v

Calculate fault distance using equation
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end

FIGURE 3. Steps of the proposed fault location algorithm.

It can be noted that if the instantaneous currents samples at
both terminals of the transmission line are measured during
the fault transient, the fault distance (Lgr) can be calculated
from (15), as shown at the bottom of the next page.

IIl. IMPLEMENTATION OF THE FAULT LOCATION
ALGORITHM

Practically, fault location calculations are performed offline
since the results of these calculations are required for human
users. Therefore, the communication delay is more critical for
fault detection, and it is required to reduce the communication
time delay as much as possible to isolate the faulted zone
as fast as possible. On the other hand, in the case of fault
location, the speed of the calculations can be measured in
seconds or even minutes [3]. The procedure for the proposed
fault location algorithm can be summarized in the following
three points:

1) The measured current signals at both line ends are
collected at one end of the line.

2) The current signals are sampled with a sampling rate
of 1200 Hz. The influence of the sampling frequency (Fs) on
the fault location accuracy is discussed in the next section.

3) Equation (14) can be written in discrete form, as shown
in (15), where n is the number of samples, and 7 is the
sampling time. It can be noted that two samples of the instan-
taneous currents can be used to obtain the fault location. How-
ever, to get more accurate results, a half-cycle (10 samples for
Fs = 1200 Hz) is considered in fault location calculations.
The steps of the fault location algorithm are shown in Fig. 3.

In case of false tripping, the double-circuit line is healthy.
Therefore, the differential current components of similar
phases in both circuits will be equal to zero at each line
end because the phase currents of similar phases in both
circuits will be equal to each other. Accordingly, both sides
of equation (15) will be equal to zero, and equation (15) will
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not be applicable in this case. In addition, It is worth noting
that the proposed algorithm is applicable only as long as both
circuits of the double-circuit line are in service, and it can not
be applied if one of the two circuits is out-of-service.

IV. PERFORMANCE EVALUATION

The power system depicted in Fig. 1 is emulated using
PSCAD/EMTDC software, and the required fault location
analysis is executed using MATLAB software. Several fault
cases are carried out by changing the fault resistance (Rf),
fault location, and fault inception angle (§¢). All single- and
cross-circuit fault types are simulated. The current signals at
both line ends are sampled with a sampling rate of 1200 Hz,
and the nominal wind speed is equal to 11 m/sec. All test cases
in the following subsections are simulated at the nominal
wind speed, unless it is stated otherwise. The fault location
error is computed from [2]-[7]:

|calculated length — actual length|

Error9 = x 1000/

(16)

Lsg

A. DIFFERENT FAULT TYPES

Number Twelve test cases are shown in Table 1 for all fault
types, including single- and cross-circuit faults. Different
fault locations, fault resistances, fault inception angles are
taken into account. In the last two columns in Table 1, the
estimated fault distance away from terminal R (Df) and the
absolute fault location percentage error (F.L. error %) are pre-
sented. The first four-cases are single-circuit faults in circuit-
1, the next four cases are single-circuit faults in circuit-2,
and the last four cases are cross-circuit faults. For example,
the eighth case in Table 1 represents a three-phase fault in
circuit-2 (axbycy) with §p = 135°, Lgr = 0.2 per-unit,
and Rr = 40%2. The current waveforms of circuit-2 at both
line ends are shown in Fig. 4. It is assumed that the fault is
detected, and the circuit breaker is completely opened within
two cycles, which is considered the case of using high-speed
tripping protective relays [11], [12]. The last half-cycle before
opening the circuit breaker is utilized in (15) to estimate the
fault location. Solving (15), the obtained fault distance is
0.2007 per-unit, and the absolute fault location percentage
error is 0.07% (0.105 km). Another example, the last case

TABLE 1. Results for different fault cases.

Test Case Dr |F.L.error| F.L.

Fault Type | 8° |Lwr(pw)|Rr(@)| @u) [ (km) error%
cg 180 | 03 20 | 03003] 0.045 | 0.03
aic 90 0.7 1 0.7000 | 0.000 0.00
bicig 135 0.9 100 | 0.8992| 0.120 0.08
aibic; 45 0.05 0.1 0.0521 0.315 0.21
bg 0 0.15 5 0.1504 | 0.060 0.04
by, 90 0.4 0.01 | 0.4000| 0.000 0.00
a.g 180 0.6 90 0.5998 | 0.030 0.02
axbsc; 135 0.2 40 0.2007 | 0.105 0.07
big-cog 0 0.25 10 0.2505 | 0.075 0.05
a;g-brg 45 0.8 50 0.7998 1 0.030 0.02
abig- axc;g 180 0.1 0.01 | 0.1005| 0.075 0.05
bicig- axbrg 90 0.5 80 0.5000 | 0.000 0.00

represents a cross-circuit fault (bc1g- axbag) in both circuits
with §F = 90°, Lgr = 0.5 per-unit, and Rr = 80%2. Solving
(15), the obtained fault distance is 0.50 per-unit, and the
absolute F.L. error% is 0.0%. Further, the maximum recorded
error is 0.21% (0.315 km), and the average percentage error of
the twelve cases is 0.048%. As shown in table 1, the obtained
accuracy of the fault location is quite acceptable for single-
and cross-circuit faults.

B. EFFECT OF FAULT RESISTANCE AND SAMPLING RATE

Different cases are simulated to investigate the effect of dif-
ferent fault resistances at different sampling rates. The results
are depicted in Fig. 5 for a single-phase a; to ground fault in
circuit-1 (a;g). Different fault locations are considered with
step 10% of the line length, and four values for fault resistance
(0.1, 1, 10, and 100 €2) are considered. The fault inception
angle is set at 90°. As shown, the fault location error decreases
to approximately zero when the fault occurs at the middle
of the line. This is due to the nature of the fault location
equation in (15). At the middle of the line, the parts inside the
round bracket { } in both sides of (15) are approximately equal
to each other, and the calculated fault distance is equal to
0.5 per-unit in this case. In addition, the absolute F.L. error%

(Dsr — Dgr)
isR,a1(nT) — isg,a2(nT)
X § AR x | isgp1(nT) — isg o (nT) | + —— X
isr,c1(nT) — isg,c2(nT)
iRs.a1(nT) — irs a2(nT) AL
= Drr X AR x | igs,p1(nT) — irs.p2(nT) | + 53

irs,c1(nT) — igs c2(nT)

isR,al(nT) — isp 2(NT) — isg a1 [(n — DT+ isg a2 [(n — 1)T]
isr,p1 (NT) — isg po(nT) — isg p1 [(n — DT+ isg p2 [(n — 1)T]
isg,c1(nT) — isg 2(nT) — isr.c1 [(n — DT ] +isg.c2 [(n — DT]

irs,a1(nT) — irs,a2(nT) — igs,a1 [(n — DT + igs a2 [(n — DT]
x | s, p1(nT) — igs p2o(nT) — igs p1 [(n — DT ]+ igs p2 [(n — 1)T] (15)
irs,c1(nT) — igs,c2(nT) —igs.c1 [((n — DT] + igs,c2 [(n — DT]
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FIGURE 4. Current waveforms of circuit-2 at both line ends due to a,b,c,
fault.

is less than 0.1% in most fault cases. The maximum absolute
percentage errors are 0.07%, 0.067%, 0.084%, and 0.105%
for fault resistance of 0.1, 1, 10, and 100 €2, respectively.
Further, the maximum absolute percentage errors are 0.078%,
0.085%, 0.088%, and 0.105% for sampling rates of 1.2, 2.4,
4.8, and 9.6 kHz, respectively. It can be noted that the fault
location accuracy is acceptable for wide range of fault resis-
tance, and changing the sampling rate has a slight effect on
the fault location accuracy.

C. EFFECT OF WIND SPEED VARIATIONS

Different cases are simulated to investigate the effect of wind
speed variations. The results are depicted in Fig. 6 for a
double-phase to ground fault in circuit-2 (axbrg) with dif-
ferent fault locations (step 10% of the line length) and four
values of the fault resistance (0.1, 1, 10, and 100 2). The
fault inception angle is set at 180°. As shown, the maximum
absolute percentage errors are 0.129%, 0.136%, 0.133%, and
0.145% for wind speed of 4, 8, 12, and 16 m/sec, respectively.
The average absolute percentage errors are 0.05%, 0.0508%,
0.053%, and 0.054% for wind speed of 4, 8, 12, and 16
m/sec, respectively. It can be concluded that the proposed
algorithm shows a satisfactory performance by considering
the variations of the wind speed.

D. EFFECT OF LINE PARAMETERS ERRORS

One of the main advantages of the proposed algorithm is that
the introduced errors in line parameters have a slight effect
on the fault location accuracy due to the nature of the fault
location equation in (15). Mathematically, any increase or
decrease in line resistance (R) and line inductance (L) matri-
ces will be reflected in the difference of AR and AL in both
sides of equation (15). Therefore, the line parameters errors
have a negligible influence on the obtained results of the pro-
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FIGURE 5. F.L. error for different fault resistances at different sampling
rates.

posed algorithm. To model the line parameter errors, £50%
errors are considered in the line parameters utilized for fault
location estimation. The absolute fault location errors are
shown in Fig. 7 for a double-phase fault (ajc;) in circuit-
1 with different fault locations and fault resistances. The
fault inception angle is set at 0°. The maximum and average
absolute percentage errors for all cases are 0.1776% and
0.0443%, respectively. It is worth noting the same results are
obtained without including the line parameter errors.

E. EFFECT OF MEASUREMENT AND TIME
SYNCHRONIZATION ERRORS

To study the effect of the measurement errors (MEs), £5 MEs
are considered in the current samples. ME of +5% is consid-
ered at one line terminal, while ME of —5% is considered at
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FIGURE 6. F.L. error for different wind speed at different fault resistances.

the other line terminal. The results are shown in Fig. 8 for a
single-phase to ground fault in circuit-1 (b g) at different fault
distances, Rp = 12, and §p = 135°. As shown, the maxi-
mum and average absolute percentage errors are respectively
equal to 0.081% and 0.034% without considering the effect
of the MEs. On the other hand, the maximum and average
absolute percentage errors are respectively equal to 2.50%
and 1.844% considering the effect of the MEs.

In addition, a synchronization time error of 0.41667 msec
(: ﬁm sec or 9? is considered between the current
samples of both sides of the line. The results are shown
in Fig. 9 for a three-phase fault in circuit-2 (axbacr) at
different fault distances, Rr = 10, and ép = 45°.
As shown, the maximum and average absolute percentage
errors are respectively equal to 0.077% and 0.046% without
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FIGURE 9. F.L. error with/without considering synchronization error (SE)
of 9° at different fault distances.

considering the effect of the synchronization errors (SEs).
On the other hand, the maximum and average absolute per-
centage errors are respectively equal to 0.57% and 0.44%
considering the effect of the SEs. It can be concluded that
the accuracy of the fault location is still within an acceptable
range taking into consideration the effect of MEs and SEs.

F. EFFECT OF DIFFERENT LINE LENGTHS AND

TYPE-4 WIND FARM

The line length is equal to 150 km in previous results. The
behavior of the proposed fault location algorithm is investi-
gated for different line lengths of 50 km and 300 km, respec-
tively. The cases in Table 1 are repeated at the same conditions
and results are depicted in Table 2 for both line lengths (50 km
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FIGURE 10. CT primary current for a bolted three-phase at 5% of the line
length.

and 300 km). As shown, the maximum absolute percentage
errors are equal to 0.03% and 0.48% for 50 km and 300 km,
respectively. The average percentage errors of these cases
are equal to 0.007% and 0.163% for 50 km and 300 km,
respectively.

In previous results, type-3 wind turbine model is utilized.
The response of the proposed fault location algorithm is
also demonstrated for type-4 wind turbine model. The power
capacity of the wind farm is equal to 450 MW (90 x 5 MW).
The detailed type-4 wind turbine model, including the
mechanical and the electrical components is given in [29].
Table 2 presents the absolute percentage error for the same
cases in Table 1 at the same conditions. The maximum and
average absolute percentage errors are equal to 0.24% and
0.056%, respectively. The obtained results prove the appli-
cability of the proposed fault location algorithm for different
line lengths and different types of wind turbines.

G. EFFECT OF CURRENT TRANSFORMER (CT)
SATURATION

CT calculations are normally carried out to assure that the CT
will not saturate in the case of external faults [30]. On the
other hand, it is expected that the CT may saturate in the
case of severe internal faults. The main factor, which affects
the saturation characteristic of the CT, is the secondary side
burden resistance of the CT, where the probability of CT sat-
uration is proportional to the value of this burden resistance.
The value of the burden resistance is set at 2 €2 in previous
results. To show the impact of CT saturation, the value of
the burden resistance is set at 4 2, and a bolted three-phase
fault in circuit-1 (a;bic1) at 5% of the line length is con-
ducted with 6 = 0°. The primary and secondary current
waveforms of the CT corresponding to phase a; at the line
end near to the fault point are shown in Fig. 10 and Fig. 11,
respectively, where the CT saturates within 10 msec after fault
instant. Solving (15), the obtained fault distance is equal to
0.0512 per-unit, and the absolute fault location percentage
error is 0.12% (180 meters). As shown, the CT Saturation has
a slight effect on the accuracy of the proposed algorithm.

H. EFFECT OF NOISE AND EVOLVING FAULTS

To consider the noise effect, the signal-to-noise ratio is nor-
mally in the range of 40-60 dB in recent literature [31].
Accordingly, the cases in Table 1 are repeated at the same
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FIGURE 11. CT secondary current for a bolted three-phase fault at 5% of
the line length.
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FIGURE 12. Current waveforms of the faulty phases at the line end S line
ends due to evolving fault.

fault conditions, and Gaussian noise with a signal-to-noise
ratio of 40 dB is added to the current signals. The new results
considering the noise effect are depicted in Table 3. As shown,
the maximum absolute percentage errors are equal to 0.22%
and 0.21% with and without considering the noise effect,
respectively. The average percentage errors of these cases are
equal to 0.09% and 0.05% with and without considering the
noise effect, respectively.

To demonstrate the effect of the evolving faults, a single-
phase to ground fault in circuit-1 (c1g) is simulated at 30%
of line length with RF = 1Q and §f = 0°. Another
single-phase to ground fault in circuit-2 (b,g) is simulated at
the same location with Rp = 102 and 8 = 90°. The current
waveforms of the faulty phases at the line end S are shown
in Fig. 12. Solving (15), the obtained fault distance is equal
to 0.3005 per-unit, and the absolute fault location percentage
error is 0.05% (75 meters). It can be concluded that the
proposed algorithm achieves high accuracy considering the
effect of the noise and evolving faults.

I. COMPARATIVE EVALUATION WITH PREVIOUS SCHEMES
APPLIED TO TRANSMISSION LINES CONNECTED TO
LARGE SCALE Wind FARMS

The proposed fault location algorithm is evaluated with
respect to recent time-domain fault location schemes in lit-
erature [23], [24], which are applied to transmission lines
connected to large scale wind farms, as shown in Table 4.

This can be illustrated in the following points:
o The proposed algorithm is applied to double-circuit line

and the frequency-dependent line model is used to sim-
ulate the double-circuit line. The schemes in [23], [24]
are applied to single-circuit line, and the line is simulated
using the lumped parameter line model.
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TABLE 2. Results for type-4 WTG and line lengths of 50 km and 150 km.

TABLE 4. Comparative summary between proposed method and [23]
& [24].

Lgr 20k 200 ko Types WTO Item Proposed [23] [24]
®w) | p,euw| FY | brew| BE | Dreay| BL — — —
error% error% error%o No. of circuits Double-circuit Single-circuit
0.3 0.3001 [ 0.01 0.3024 | 0.24 [ 0.3001 0.01 Line Model Frequency-dependent | Lumped parameter
0.7 0.7000 0.00 0.6952 0.48 0.7006 0.06 Line shunt capacitance Yes No Yes
0.9 0.8993 0.03 0.9002 0.02 0.9008 0.08 Line asymmetry Yes No No
0.05 0.0499 0.01 0.0511 0.11 0.0501 0.01 Fs 0.12 kHz 20 kHz | 200 kHz
0.15 0.1500 0.00 0.1505 0.05 0.1500 0.00 Required Data 1 V&I 1
0.4 0.4000 0.00 0.4015 0.15 0.4009 0.09 Fault type All 3-phase All
0.6 0.6001 0.01 0.6004 0.04 0.5976 0.24 Line parameters errors Yes No No

0.2 0.2000 0.00 0.2022 0.22 0.2006 0.06

0.25 0.2500 0.00 0.2522 0.22 0.2505 0.05

0.8 0.8001 0.01 0.7980 0.2 0.7998 0.02

0.1 0.1001 0.01 0.1023 0.23 0.1005 0.05

0.5 0.5000 0.00 0.5000 0.00 0.5000 0.00

TABLE 3. Results for different fault cases in presence of noise.

Test Case F.L. error%

Fault Type Or° | Lrr (p-u.) | Rr (Q2) | With Noise | Without Noise
g 180 0.3 20 0.03 0.03
ac 90 0.7 1 0.01 0.00
bicig 135 0.9 100 0.20 0.08
abic; 45 0.05 0.1 0.20 0.21
byg 0 0.15 5 0.22 0.04
byc, 90 0.4 0.01 0.04 0.00
axe,g 180 0.6 90 0.09 0.02
asbsc; 135 0.2 40 0.04 0.07
big-cog 0 0.25 10 0.07 0.05
a;g-b.g 45 0.8 50 0.08 0.02
aib,g- axc;g | 180 0.1 0.01 0.04 0.05
bicig-abg | 90 0.5 80 0.06 0.00

« Both proposed algorithm and [24] take into considera-
tion the line shunt capacitance, while the scheme in [23]
ignores the line shunt capacitance.

o Both schemes [23], [24] neglect the line asymmetry,
while the proposed algorithm utilizes the line parameters
in the phase-coordinates without the need for decoupling
the double-circuit transmission line. Therefore, it can be
applied for transposed or untransposed parallel lines.

o The proposed algorithm uses a lower sampling fre-
quency (1200 Hz) compared with [23] and [24].

« Both proposed algorithm and [24] require the current
samples at both line ends, while the scheme in [23]
requires the voltage and current samples at both line
ends.
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TABLE 5. F.L. error for proposed algorithm and [23] for different cases.

Test Case F.L. error%
Fault Type Of° | Lerr(p-u.) | RF(2)| Proposed [23]
cig 180 0.3 20 0.03 0.09
ac; 90 0.7 1 0.00 2.30
bicig 135 0.9 100 0.08 0.63
abic; 45 0.05 0.1 0.21 0.31
b.g 0 0.15 5 0.04 0.65
bsc, 90 0.4 0.01 0.00 0.91
axe:g 180 0.6 90 0.02 0.26
asxbse; 135 0.2 40 0.07 0.07
big-cog 0 0.25 10 0.05 0.36
a,g-bg 45 0.8 50 0.02 0.04
ab,g- axe:g 180 0.1 0.01 0.05 0.23
bicig- axbrg 90 0.5 80 0.00 0.18

o The proposed algorithm is applicable for all fault types,
including cross-circuit faults, while the scheme in [23]
is only tested for 3-phase faults.

o The line parameters errors have a negligible influence
on the proposed algorithm. In [23], [24], the derivation
of both algorithms depends on the values of line param-
eters. However, the influence of line parameter errors is
not evaluated in both algorithms.

For further illustration, the proposed fault location algo-
rithm is compared with the scheme in [23] for the same
fault cases in Table 1. The obtained results are depicted
in Table 5. The maximum and average absolute per-
centage errors for all cases are respectively 0.21% and
0.048% for the proposed algorithm, while the maximum and
average absolute percentage errors are respectively 2.30%
and 0.5025% for the scheme in [23 CIRA- 2019-049].
As observed, the obtained results confirm that the proposed
fault location algorithm is more accurate than the previous
scheme in [23].
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V. CONCLUSION

This article proposes a non-iterative time-domain fault loca-
tion algorithm for double-circuit transmission lines con-
nected to large scale wind farms. Only half-cycle of the
synchronized current samples are used to obtain the locations
of all fault types. Unlike existing techniques, the proposed
fault location algorithm does not need any transformation
technique to decouple the line. In addition, the proposed algo-
rithm considers the effect of the line asymmetry, the mutual
coupling, as well as the line shunt capacitance in fault equa-
tion derivation. Further, the fault distance is obtained directly
by solving a non-iterative equation without any assump-
tions. The obtained results for the simulated cases on the
PSCAD/EMTDC platform emphasize the high efficacy of
the presented algorithm for fault resistance, fault location,
as well as fault inception angle. In addition, the proposed fault
location algorithm shows acceptable performance against
cross-circuit faults, different sampling rates, line parameters
errors, and synchronization and measurement errors. Further,
the maximum percentage error is recorded to be 2.5% for all
test cases, including the effect of the measurement errors.

APPENDIX
A. THE MAIN DATA OF THE WIND TURBINE GENERATOR

Parameter Value
Rated power SMW
Rated stator voltage 0.69 kV
Rated frequency 60 Hz
Stator resistance 0.0054 p.u.
Rotor resistance 0.00607 p.u.
Stator leakage inductance 0.10 p.u.
Rotor leakage inductance 0.11 p.u.
Mutual inductance 0.02 p.u.
Magnetizing inductance 3.5pu.
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B. THE CURRENT TRANSFORMERS DATA

Parameter Value

Model JA model
Ratio 1000/1 A
Burden impedance 2+0.31 Q

C. THE SOURCE IMPEDANCE AT TERMINAL R

Sequence Positive Negative Zero

Value 1.6+18.51 Q 1.6+18.51 Q 2.8+32.4i Q

D. THE LINE PARAMETERS MATRICES (RESISTANCE,
REACTANCE, AND ADMITTANCE) CONSIDERING THE
UNTRANSPOSITION OF THE DOUBLE-CIRCUIT LINE

The equation as shown at the top of the page.
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