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ABSTRACT In this paper, a new fault locator scheme is introduced to address the non-homogeneity of
combined transmission lines (Taba-Aqaba Intertie transmission system). To achieve this goal, the faulted
side is first determined using a new algorithm for identifying faulted segments. This identification algorithm
relies on the voltage’s rate of change along the nonhomogeneous lines in the pure positive-sequence circuit,
exploiting the inequality of positive-sequence impedances between power cables and overhead lines. The
number of outputs generated by the algorithm is one less than the number of line segments being analyzed.
For systems with two segments, the output directly identifies the faulted segment. However, for combined
lines with three segments, a new voting system is utilized to determine the faulted segment. The fault
distance is then calculated based on the identified faulted segment. To evaluate the proposed scheme, various
fault scenarios are simulated on the Taba-Aqaba Intertie transmission system, which connects the Egyptian
and Jordanian networks, using ATP-EMTP. These tests encompass different fault types and locations,
including cases near the interconnection points between the segments. Additionally, the scheme is tested
under nonlinear faults.

INDEX TERMS Fault location, combined transmission lines, submarine cable, ATP, positive-sequence
impedance, symmetrical components.

NOMENCLATURE Alp; The positive-sequence current change
Xjun The fault-side indicator. value of Busbar B.
Lc The cable length. Zc1 The cable positive-sequence
L The total combined line length. impedance per unit length.
AVyn1  The positive-sequence voltage change value of ZoH1 The overhead  positive-sequence
the junction point. impedance per unit length.
AVsa1  The positive-sequence voltage change value of Xact The actual distance.
Busbar A. AVyq The positive-sequence voltage change
AVsp1  The positive-sequence voltage change value of value of fault point.
Busbar B. Aom2, Bomo,
Alpg The positive-sequence current change value of Counz, and Doygp  The constants of overhead line con-
Busbar A. nected to busbar B considering the
distributed line model.
The associate editor coordinating the review of this manuscript and Vel The propagation constant of cable
approving it for publication was Ali Raza . within positive-sequence circuit.
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Zc, The positive-sequence characteristic
impedance of cable.
YOH1 The propagation constant of overhead

line within positive-sequence circuit.

ZcoH, The positive-sequence characteristic
impedance of overhead line.

Xjunl The calculated distance by considering
an artificial fault at the first junction
point junl.

Xjun2 The calculated distance by considering
an artificial fault at the second junction
point jun2.

AViun, The positive-sequence voltage change
value of jun2.

Aljyn, The positive-sequence current change
value of jun2.

Lon The length of first overhead line
section.

Lopn> The length of second overhead line
section.

AViun1, The positive-sequence voltage change
value of junl.

Aljyn1, The positive-sequence current change
value of junl.

Aomn1,Boni,

The constants of overhead line con-
nected to busbar A considering the
distributed line model.

Comni, and Doy

List of abbreviations

ANFIS Adaptive network-based fuzzy
inference system.

FDOST Fast-discrete ~ orthogonal  S-
transform.

SVM Support vector machine.

SVR Support vector regression.

I. INTRODUCTION
Electrical power is typically transmitted from power stations
to substations near loads through overhead transmission lines.
However, due to environmental requirements, modern con-
struction often utilizes underground cables for power transfer.
Additionally, power is transferred between countries through
DC or AC submarine cables. As a result, combined power
cables with overhead transmission lines are created [1], [2].
The characteristics of overhead lines differ significantly from
those of power cables. The cable’s impedance is low due to
the small space between the conductors. However, the cable
capacitance is greater than that of overhead lines due to higher
dielectric constants of the insulation materials used and the
shorter distance between the sheath and the cable conductors.
Consequently, the cable surge impedance is approximately
10% of that of an overhead line (ranging from 40 to 60 2 for
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underground cables and 400 to 600 <2 for overhead lines) [2].
Transmission systems are prone to various fault occurrences,
with both overhead lines and power cables being susceptible
to shunt faults [3]. Therefore, a variety of protective devices
are employed to detect and isolate faults on the transmission
lines. Moreover, accurately determining the fault location is
crucial for quickly initiating the necessary repair processes
and reducing costs [4], [5].

Fault-distance estimation for combined lines presents a
challenge due to the unequal impedances per unit length
of the cable and the overhead line. Fault locator algo-
rithms based on artificial neural networks require higher
training effort compared to conventional methods to mit-
igate the potential interference that can lead to erroneous
identification of the faulted section. On the other hand,
traveling wave-based fault locator algorithms necessitate a
single value for the propagation velocity. The fundamental
phasor components- based fault locator algorithms typically
require a single value for both positive- and zero- sequence
line impedances. Additionally, the problem becomes more
complex when the combined transmission system contains
three different segments, such as the actual transmis-
sion line connecting the Egyptian and Jordan electricity
networks.

The application of artificial neural network for fault dis-
tance estimation in combined transmission line is introduced
in [6], [7], and [8]. These approaches typically involve two
stages. In the first stage, the faulted side is determined
whereas in the second stage, the fault distance is estimated.
In [6], the support vector machine is employed to identify
the faulted section. In [7], an adaptive network-based fuzzy
inference system (ANFIS) with four inputs is employed for
the training process to locate the fault. In [8], a new scheme
that can detect, classify, and locate the faults for two- and
multi-terminal transmission lines is proposed. This scheme is
based on the fast-discrete orthogonal S-transform (FDOST)
in conjunction with the support vector machine (SVM). The
signals of the three-phase currents are measured at a line end
to obtain the entropy of FDOST coefficients, and then these
coefficients are fed to support vector regression (SVR) to
detect the fault location. However, in [6], [7], and [8], the
retraining process is again required when significant changes
occur in the system configuration.

Travelling waves are utilized to locate faults in combined
transmission lines, as described in [9]. However, this method
requires a high sampling frequency. Dynamic load condi-
tions, such as abrupt connections of industrial loads, affect
fault current levels in a power system. Load increases lead to
higher fault currents, while load decreases result in reduced
fault currents. Considering dynamic loading’s influence is
critical in power system design, including protective scheme
development, current transformer selection, and choosing
protective devices, to ensure safe fault handling and prevent
equipment damage [10]. The dynamic loading affects fault
location techniques based on traveling waves. Fluctuations in
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transmission line impedance due to dynamic loading affect
the reflection and transmission of fault-generated transient
signals [10], making accurate fault location estimation chal-
lenging in the time domain. Additionally, dynamic loading
causes variations in the line charging current [10], influ-
enced by line capacitance and length, which can interfere
with transient signal detection and interpretation, potentially
complicating the fault location process. On the other hand, the
dynamic loading affects the accuracy of fault location tech-
niques based on the fundamental phasor components using
single-end measurements by introducing uncertainties in the
estimation of fault resistance, crucial for the accuracy of these
techniques. This negative effect can be mitigated through
accurate load modeling, which aids in predicting the dynamic
behavior of the system and enables more precise fault loca-
tion estimation. Additionally, fault location techniques using
Phasor Measurement Units (PMUs), which are devices that
measure the phasors of voltage and current at high-speed,
provide synchronized real-time data from various locations in
the power system. By using PMU data, the impact of dynamic
loading on the fundamental phasor components- based fault
location using two-end measurements can be minimized since
the measurements remain unaffected by data latency.

The fault location determination by utilizing the funda-
mental phasor components is introduced in [11], [12], [13],
and [14]. In [11] and [12], the fault location for cascaded
overhead cable transmission line is obtained by equating the
voltage equation at fault point as a function of measured
electrical quantities at one terminal and quantities at the
junction point computed from another terminal using modal
components based on DFT. This approach yields two solu-
tions: The correct solution is less than the considered faulted
section length whereas the improper solution is more than the
considered healthy section length. This idea is further devel-
oped in [13] to be applicable to two-terminal multi-section
nonhomogeneous transmission lines using synchronized pha-
sor measurements. In this case, a selector is introduced to
discriminate the faulted zone, and then fault distance esti-
mation can be performed. The authors in [13] extend their
work to three-terminal nonhomogeneous transmission lines
by introducing an indicator that identifies both the faulted
branch and the specific zone (cable/overhead) within the
branch, as demonstrated in [14]. Additionally, [15] presents a
technique consisting of two steps: the first step involves con-
verting the system of nonlinear equations into an optimization
problem, and the second step involves solving the problem
using a modified Newton method.

A technique based on prior morphological spectrum and
forward and backward traveling waves, suitable for non-
homogeneous distribution systems using measurements at
one end, is proposed in [16]. Similarly, a work locating a
fault on combined transmission lines (an overhead line com-
bined with an underground cable) by extracting the traveling
wave arrival times of the measured voltages using two con-
secutive sliding windows and curve fitting is developed in
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FIGURE 1. A cascaded overhead transmission line with cable
connections, experiencing a fault at the junction point.

[17]. Both [16] and [17] require a high sampling frequency
for accurate results. It is important to note that traveling
wave-based techniques necessitate substantial computational
burden and specially designed transducers. To introduce an
additional faulted section identifier independent of the fault
location calculations, a new approach in this paper is pre-
sented concentrating on an actual combined transmission line
connecting between Egyptian and Jordan electricity networks
(Taba-Agaba Inter—Tie transmission system).

The primary objective of this paper is to introduce a novel
faulted-section identification scheme for a practical transmis-
sion system consisting of overhead lines, submarine cables,
and overhead lines, specifically the Taba-Agaba Inter-Tie
transmission system. Importantly, the calculation process of
the presented identification method is independent of fault
distance calculations. The output of this faulted segment
indicator directly indicates the faulted segment when the
transmission line has two segments. However, in the case
of the Taba-Aqaba Inter-Tie transmission system with three
different segments, the identification method produces two
outputs. To determine the faulted segment, a comparator or
voting system is employed. Subsequently, the fault location is
computed based on the identified faulted segment. Notably,
the presented scheme is robust against variations in source
impedance, fault type, and zero-sequence circuit parameters,
making it applicable for submarine cables. To validate the
reliability of the scheme, extensive simulation cases were
conducted using ATP-EMTP. The results demonstrate that the
proposed identification method is reliable under various fault
conditions.

Il. INTRODUCED FAULT-LOCATOR ALGORITHM FOR
COMBINED TRANSMISSION LINES

The non-homogeneity of the combined transmission lines
poses a problem for both single- and two-ended fault location
techniques. In one-ended techniques, the issue arises from
the changing positive-sequence impedance per unit length,
which is a crucial input for algorithms, depending on the
fault location. As a result, the accuracy of conventional algo-
rithms varies significantly with changes in the fault distance.
In two-terminal techniques, the challenge lies in identifying
the faulted side of the transmission line. This paper intro-
duces a new algorithm for identifying the faulted side in
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FIGURE 2. The pure positive-sequence circuit and its voltage magnitude
profile to investigate the x;,,, value under a fault at: (a) the junction point
(b) the cable side (c) the overhead side.

two-terminal combined lines with three different segments,
such as the Taba-Aqaba Inter-Tie transmission system. The
introduced identification method is initially demonstrated
using a cascaded overhead-cable transmission line with only
two segments.

A. FAULTED SEGMENT IDENTIFICATION

VOLUME 11, 2023

1) COMBINED LINE HAVING TWO SEGMENTS

A transmission line, shown in Fig. 1, consists of an under-
ground cable combined with an overhead line. At the junction
point, a shunt fault occurs. This combined transmission line
connects two substations, A and B. To locate the fault on
the combined line, the faulted side must be determined first,
and then the fault location is computed. In other words,
for faults on either the cable or overhead line segment, the
difficulty arises from the presence of an unknown length on
this segment, which has a different rate of voltage change
compared to the cascaded nonhomogeneous segment. Fig. 2
provides an illustration of this scenario.

The identification of the faulted side is accomplished by
introducing a formula for identifying the faulted side (xjun).
The fault-side indicator (xj,,) is a calculated distance under
considering an artificial fault at the junction point regardless
of the actual fault point. This obtained distance (xj,,) pre-
cisely identifies the faulted side whether the fault is on the
cable or overhead side. If xj,, is less than the cable length
(Lc¢) then the fault must be on the cable section and vice versa.
This is illustrated in detail as follows:

The fundamental concept behind the fault-side indicator
(Xjun) is illustrated in Fig. 2, where the capacitor current is
neglected to simplify the illustration. This allows for a linear
representation of the voltage magnitude variation along the
length of each segment of the combined line. The formula
of xjy, is derived by equating the formulas of the change
in positive-sequence voltage at the junction point (AVjy,1)
from both ends of the combined line using the short model
representation, irrespective of the actual fault position as
shown in (1).

AVsar — AVspr + L - Zop - Al
Xjun = (1)
Zon1 - Alpy + Zc1 - Alay

where, AVs4a1 and AVgp; represent the changes in
positive-sequence voltage components at Busbars A and
B, respectively. Als; and Alp; represent the changes in
positive-sequence current components at Busbars A and B,
respectively. The positive sequence components are chosen
to be suitable for all types of faults, while the change values
are used to mitigate the impact of the capacitive charging
current and pre-fault current. These components are esti-
mated using the measured three-phase voltages and currents.
Xjun is the fault-side indicator. Z¢1 and Zpg represent the
positive-sequence impedances per unit length of cable and
overhead line, respectively. These parameters are known, and
their values remain unchanged regardless of the fault point. L
denotes the total combined line length, which is equal to the
sum of cable length (L¢) and overhead line length (Logy) as
depicted in Figs. 1 and 2.

This obtained distance (xj,,) accurately identifies the
faulted side whether the fault is on the cable or overhead
side. This is proved as follows: The evidence supporting the
authenticity of the introduced indicator (x;,;,) is demonstrated
by substituting with the actual difference between the changes
in positive-sequence voltages at terminals A and B due to
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the occurrence of a fault (AVga1 - AVggy) as in (1). This
voltage difference (AVsa1 - AVsp1) under the three possible
fault conditions - a fault at the junction point, cable side,
or overhead side, as illustrated in Figs. 2.a, 2.b, and 2.c
respectively - is expressed as (2), (3), or (4) respectively.

AVsa1 — AVspir=L¢ - Zcy - Ala1—(L — L¢) - Zog - Al

2

AVsa1 —AVspr =Xaer - Zc1 - Alar —(Le — Xaer) - Ze1 - Al
—(L — L) -Zoni - Al 3)

AVsa1—AVgpr =L¢ - Zc1 - Alg1+Xaer — Le) - Zon1 - Ala
— (L = Xqct) - Zon1 - Alpy 4

Then, the output of the introduced formula of xj,, is
expected to be as shown in (5), (6), and (7) by substituting
(2), (3), and (4) into (1) and performing some mathematical
simplifications for a fault at junction point, cable side, and
overhead side, respectively.

Xjun = Xact = L. (5)

Zou1 - Algy — Zc1 - Alp;

Xjun = Xact + (Le — Xacr) - (6)
ZowH1 - Alpy +Zc1 - Alay
Zou1 - Alyy — Zcy - Ay

Xjun = Xact + (Xacr — L¢) - @)
ZoH1 - Alpy +Zc1 - Alyy

One can observe the following points. Under faults at junc-
tion point, the obtained fault distance equals the actual fault
distance, as shown in (5). under cable side faults, assuming
that the rate of change of the selected voltage component
through the unknown cable partition length (L.-x,r) equals
ZomH 1. Alp instead of the actual value Z¢. Alpy, the actual
fault distance (x,) is less than the obtained output value of
Xjun by a correction factor. This factor is directly proportional
to the difference between the actual and assumed rates of
change of the considered voltage component, expressed as a
ratio of the sum of the two actual rates of change, as shown
in (6). This factor is less than 1. Therefore, if the fault is
on cable side, xj,;, must be more than the actual distance
(x4cr), but it must also be less than the cable length (L¢).
This is further supported by the voltage magnitude profile
of the pure positive-sequence circuit depicted in Fig. 2.b,
where the Zpp is higher than the Z¢ . The decreasing rate
of the selected voltage component in the region between the
junction and fault points, illustrated by dashed line in Fig. 2.b,
is higher than the actual decreasing rate depicted by dotted
line. Consequently, the calculated positive-sequence voltage
reaches the intersection point at a distance (xj,,) that is more
than x,.,. However, xj,,, is less than L¢ because the voltage
calculation from the direction of Busbar B is accurate until
the junction point. Therefore, the value of AV, calculated
from this direction is more than the actual value of the change
in positive-sequence voltage at the fault point AV, as illus-
trated in Fig. 2.b.

Similarly, in the case of overhead side faults, assuming
that the rate of change of the voltage through the unknown
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overhead partition length (x,:-L.) equals Z¢1. Aly instead
of the actual value Zpg 1. Alaq, the actual fault distance (x,r)
is less than the obtained output value of xj,, by a similar
correction term as shown in (7). Thus, if the fault is on
overhead side, xj,, must be more than x,, and then more
than Lc. This is further supported by the voltage magnitude
profile shown in Fig. 2.c where Z¢ is lower than Zpg 1. The
decreasing rate of the calculated positive-sequence voltage
in the region between the junction and fault points, illus-
trated by the dashed line in Fig. 2.c, is lower than the actual
decreasing illustrated by the dotted line. Consequently, the
positive-sequence voltage calculated from the direction of
Busbar A reaches the intersection point at a distance (Xjy,)
that is more than x,,. Finally, the obtained value of the xj,,
successfully identifies the faulted section for combined lines
with two segments. However, the capacitive charging current
should be taken into consideration.

To account for the effect of capacitive charging current,
the formula is derived by equating the calculated change in
positive-sequence voltage at the junction point (Vju,1) from
both ends of the combined line, using the distributed line
model representation regardless of the actual fault location,
as shown in (8).

A VSAICOSh(Vclxjun) — Alg1Zec1 Sinh(yclxjun)

= AVspicosh(Yor1(L—Xjun))
— Alp1Zcon, sinh(yor1(L—Xjun)) (®)

The formula given in (8) can be expressed as follows:

AVsarcosh(ye1Xjun) — AlarZec1sinh(Ye1 Xjun)
= AVsgicosh(yoniL—yoH1Xjun)
— AlgiZconisinh(yon1 L—yoH1 Xjun) )]

Using the following identities:

sinh (u — v) = sinhu coshv — coshu sinhv

cosh (u — v) = coshu coshv — sinhu sinhv,
The formula given in (9) can be expressed as follows:

AVsaicosh (yclxjm,) — Al g1Zcc, sinh (yclxjun)
= AVspicosh (yon1L) cosh(Yor1Xjun)
— AV gy sinh (Yo 1L)sinh (YO Xjun)
— Alg1Zcon1sinh (Yo 1L) cosh(y oy 1Xjun)
+ Al1Zcori1cosh(y o L)sinh ()/oylx]'un) (10)

According to Taylor’s expansion, the hyperbolic functions
can be expanded as follows:

h _ x3 x5
Sin x—x+§+§+ .......

2 4

X X
coshx=1+§+m+-~ ...........
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Then, the formula given in (10) can be rewritten as follows:

2,2 4 4
Y, Ye1Xi
AVsal (1 + Clz'ﬂm + 614'””1 o )
3,3 5,5
YerX Ye1X
— AIA]ZC(;I (yc]xjun + 03']1”1 Cs'Jun + e )

2 2 4 4
YOHlxjun + yOHllem
2! 4!

= AVgp) cosh ((VOH.L) (1 +

— AVgp1 sinh (VOHIL)
3 3 5 5
You,"%j YoH,%j
(VOHlijn + 3I| = + 51| = +e )

— Alp1Zeom, sinh (y oy, L)

2 2 4 4
YouH 1 lem Yon 1 xjun
(1 + o + a1 T+

+ Al g1Zcon, cosh(yon, L)

3 5 5
VOHl jun

3
Y Yom%j
(yOHl-xjun + 3' + 51!/“” + ) (11)
The formula in (11) can be rewritten as follows:

AVsa1yé
AVsa1 — (AIAlchl )/cl) Xjun + (TC] xjun2

Zecrvg AVsaryg
—(AIMT‘“ i+ | = i’

Zccrycel
- (AIAl— xjuns + -

5!
= [AVSBI cosh you, L— Alp1Zcop, sinh VOHl]
+| A1 Zcon, you, cosh you, L— AVspiyom, sinh yom, L]

AVspivg
Xjun |:T0choshy0HlL—
yz
Alg\Zcon, —%— H sinh y» L x],m2

3

+ |:A131200H1 coshh you, L VO;I

AVspi V(3)H . AVSBIVéH
— T‘ sinh yom, L xj,m3 + T‘ cosh yomu,

4
123
L — Alg\Zcon, = A sinh yop, L j|xj,m4
)/5
+ Al Zcon, SH cosh you, L

AVsp1v)
- % sinh yOHlL] X (12)
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For the 5™ degree of expansion and by converting formula
in (12) to a zero equation, it can be written in the following
form:

/un + bx],m + clem + dxjun +expun+g=0 (13)

where these constants (a, b, c, d, e, and g) are as follows:

5 5
Y AVspry,
a= |:A131ZCOH| A1 cosh )/OHIL——OHl sinh you, L
Zeay)
+A1Al%
AVspivy )/4
b= [TOHI cosh you,L— AI ZCOH1 OH, sinh yog1L
B AVSAlVf']:|
41
3 3
You AVsB1You .
c= |:A1312COH1 Tl cosh yOH]L_TI sinh you, L
Zc 1)/‘3
+Al4 03' cl
AVsg1ys %
= |:—OH] cosh you, L — Al g1 Zcon, OH, sinh yon, L
2
_ AVsayg
2!

=[Alp1Zcon, You, cosh you, L — AV sp1yon, sinh yop, L
+ AIAIZCcl Yell

g = [AVgp1 coshyop, L — Alg1Zcop, sinh you, — AV sa1]
(14)

By using the initial guess for (x) as in [18], the roots of
the formula given in (13) can be obtained numerically. The
introduced identification method is also applicable to the
combined transmission lines that consist of three segments,
as in the following subsection.

2) COMBINED LINE HAVING THREE SEGMENTS

The proposed concept is also applicable for combined
transmission systems composed of three segments, such as
line-cable-line combined networks. Fig. 3 shows a single-line
diagram of a line-cable-line combined transmission system,
such as the Taba-Aqaba Intertie transmission system. The
identification of the faulted side is accomplished by applying
the proposed concept twice at the two junction points (junl
and jun2) between the adjacent sections, as illustrated in
Figs. 4 and 5, and obtaining two distances (Xju,1 and Xjy,2),
respectively. The two distances, xj,,1 and xj,,2, are obtained
by considering an artificial fault at either junction point, junl
or jun2, irrespective of the actual fault point. Subsequently,
the faulted side is determined by utilizing an introduced
voting system (comparator) as follows:
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TABLE 1. The proposed comparator identifying the faulted section.

conditions Decision
‘X']'UVII )(iunz Fault at
Xiuni < Lo Xz < (LonrtL,) OHI1 side
Lowi < Xpni <LomrtLe) | Low < Xumz < (LonrtLe) | Cable side
Xiun1> Loni Xinz > (LownrtLe) OH2 side
XviunI = LOH] )(flmZ > /qunI junl
Kiunt < Xjun2 KXiwnz = (LonrtLe) jun2

A L B

- >

Egp

Jun; Ji Iy ZSB
OHI1 l-.-( Cable ﬂ-.-l OH2

Lou; L¢ ( Lon: >

Eg4
Zsay 1

FIGURE 3. A cascaded line-cable-line combined transmission system.

If both values (xj,1 and xju2) indicate a fault on the
cable section, then the faulted side is determined to be the
cable section. This is illustrated in detail in Fig. 4 for a
fault on the cable section. On the other hand, if both values
(Xjun1 and xj,,2) indicate a fault on an overhead section, then
the faulted side is determined to be that overhead section.
If one of the values indicates a fault on an overhead section
and the other indicates a fault on the cable section, then
the faulted side is determined to be the overhead section.
The basic concept of this condition is illustrated in detail
in Fig. 5 for a fault on the first overhead section. In other
words, the first fault-side indicator (xj,,1) directly identifies
faults occurring at the first overhead section, whereas the
second indicator (x;,2) directly identifies faults occurring at
the second overhead section. However, faults occurring at the
cable section are recognized by both indicators as cable faults.
The conditions of the introduced comparator are summarized
in Table 1. The calculation of two indicators xj,;,1 and xj,,2 is
as follows:

The calculation of xj,, is performed by representing the
combined transmission line as an overhead line combined
with an underground cable, with terminals A and jun2. The
change in positive-sequence voltage and current at jun2 is
calculated based on the measured data at terminal B and the
parameters of the overhead section II (OH2) connected to
terminal B, as shown in (20).

‘ A Vjun21

15
AIjun21 ( )

_ | Don2 —Bomn2
—Con2 Aon2

| AVsai
Alp;

Con2, and Doyp are the
overhead line connected to
distributed line model

where Aoz, Bowz,
constants of the
busbar B considering the
representation.

The formula of xj,,1 is derived by equating the two for-
mulas that calculate the change in positive-sequence voltage
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FIGURE 4. The pure positive-sequence circuit of a three-segment
combined line under a fault on the cable side as in (a) , and its voltage
magnitude profile to obtain x;,,; as in (b) and x;,; as in (c).

Calc. of Xjuni
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FIGURE 5. The pure positive-sequence circuit of a three-segment
combined line under a fault on the first overhead section as in (a) , and
its voltage magnitude profile to obtain x;,,; as in (b) and xj,;5 as in (c).

at the first junction point, considering both sides A and
jun2. These formulas utilize the distributed line model rep-
resentation regardless of the actual fault point as shown
in (16).

AVsa1 cosh (Yor1Xjun1) — Ala1Zeon, sinh (Yo 1Xun1)
= AVjun2, cosh (ycl (LOHI +Lc— xjunl))
- AIIjMVlleC01 sinh (ycl (LOHI +L.— xjunl)) (16)

Therefore, xj,,1 is obtained by solving a 5t degree
equation, where the coefficients are presented in (17), similar
to (14) with changes in symbols for line terminals and the
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considered line length (Log1 + L¢).
5

Ya
|:Aljun21zccl 5| cosh ye1(Lon1 + L¢)

AV 1.v5 .
—% sinh ye1(Lom1 + Le)
ZCoH]1 - 5
—i—AlAl—S'yOH1

3
Y,
b= [Aljmlecclcoshhycl (Log1 + LC)SL'l

_ AVjunz 1 v
3!

AV]“”ZIVCI
3!

. AVsa1.ye
sinhye1(Log1 + Le) — ————-CHL

41
cosh yc1(Lon1 + Le)

3

Vel
—Aljym Zee1 —+ 31 L sinh Yeit(Lon1 + Le)

+Al4; 3

A Vjun2| V¢~21
2!

ZC0H170H1:|

cosh ye1(Log1 + L¢)

2 2
Yel AVsary,
AIJWQIZCCI o SlIlh Yel (Lot + L¢) — T()Hl:|

e = [Aljun, Zeeryer cosh v (Logt + Le)

—AVjun2, Ve1 sinh ye1 (Log1 + Le) + Al a1 Zeon, J/om]
g= [Avjun21COShVCI(L0H1 + L)

— Aljun2, Ze1sinhyer — AV 17

Similarly, under xj,,;» calculation, the line can be repre-
sented as an underground cable combined with an overhead
line where its terminals are junl and B. The change of
positive-sequence voltage and current at junl is computed
using the measured data at terminal A and the parameters
of the overhead section connected to terminal A as shown in
(18).

AVjuni, AVsai
AIjlmll Al

where Aoui, Boni, Coni, and Doy represent the constants
of overhead line connected to busbar A, considering the
distributed line model. The positive-sequence voltage at the
second junction point, calculated from both sides junl and
B, is equated using the distributed line model representation,
regardless of the actual fault position, as shown in (19).

Don1 —Boni

18
—Con1 AoH1 (18)

AVjunt, cosh (Ve1Xjun2) — Aljunt, Zce, sinh (Ve1Xjun2)
= AVspi cosh (yor1 (Le + Lonz — Xjun2))
— Alpi1Zcog sinh (yom1 (Le + Lon2 — Xjun2))  (19)
Also, xj,,2 is obtained by solving a similar 5t degree

equation where the coefficients are presented in (20), fol-
lowing a similar approach as in (14) but with changes in
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the symbols of line terminals and the considered line length
(Lc+ Lon2)- Subsequently, the length of the overhead section
I (Log1) is added to establish the reference of the obtained
distance as Busbar A.

5

YoH,
a= |:AIBIZCOH1 —Lcoshyon, (Le+Lom2)

AVsp1 Vgﬂl

51 SZnhVOHl (Lc +L0H2)+Aljunll

chlycl
5!

V
[[Almzcomcoshh)/om (Le + Lop2)—— OHl

B AVSBIV&L“

AV; 4
3l sinhyor1 (Le+Lon2) — /2;‘11%1}

3

You
[Al B1ZCOH, L cosh yom, (Le+Lom?)

AVSBl7/3H . Zeerys
== sinh Yo (LetLoma) + Al —
AVsgivdy
d= |:T]COSI1V0H1 (Le+Lomn2)
2 2
YOoH AV, v,
—AlIp1Zcon, Sth/OHl (Le+Lom2)— %

e=[Alp1Zcon, yon, cosh yom, (L + Lon2)

—AV sg1yom, sinh yop, (Le + Lot2) + Aljunt, Zeei Vet |
g = [AVgp1 cosh you, (Le + Lon2) Alg1Zeon,

sinh yor, (Le + Lor2) — AVjun11] (20)

Finally, the faulted section is precisely identified by ana-
lyzing the two values of xj,,1 and X2, as shown in
Table 1. Then, the actual fault distance is directly obtained
as described in the following subsection.

B. FAULT-LOCATOR ALGORITHM

After gathering the measured data from the ends of
the combined line, the symmetrical components of mea-
sured three-phase voltages and currents are computed. The
identification of the faulted section, as presented in the
above subsection, is then accomplished. Additionally, the
positive-sequence data at the terminals of the obtained faulted
section are prepared, as mentioned above. The fault location
estimation is carried out based on the obtained faulted section.
For example, let’s consider a fault on the cable section of
the combined line, which has three segments as illustrated in
Fig. 4. The fault location is determined as follows: The two
values of xj,,1 and x;j,,2 indicate a fault on the cable section,
and therefore the obtained faulted side is the cable section.
Furthermore, the positive sequence voltage and current at the
two junction points junl and jun2 (Viun11, Liun11, Viun21, Ljun21)
are estimated as mentioned above. Then, the fault location is
estimated by equating the positive sequence voltage of fault
point as a function of the estimated data at the two junction
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points as;

Vf11 = Vjunl, cosh (yc1x) — Ijunllzccl sinh (y¢1x)
= Vjuna,, cosh (yc1 (Le — x))
- Ijun21 IZCCl sinh (Ye1 (Le — x)) (21)

Hence, the fault distance (x) is estimated as in (22) and then
adding the Loy length to be referred to the Busbar A.

1
x = —.tanh™"
Yel
Vjun21 cosh (ye1Lc) — Ijun2lzccl sinh (yc1Le) — Vjun11

Viun2, sinh (ye1Le) — Lium, Zccr cosh (ye1Le) — Ijunllzccl
(22)

Similarly, the fault location is also obtained under faults on
the overhead sections. For example, for faults on the overhead
section II, a similar formula to that shown in (22) is utilized
with some changes. These changes are replacing the cable
parameters with these faulted overhead section parameters as
well as using the data at Junction 2 and Busbar B instead
of that at Junction 1 and Junction 2, respectively. To be the
obtained distance referred to the Busbar A, the lengths of both
Loy and L. should be added.

Finally, the presented scheme can be implemented in the
intertie combined transmission line by first identifying the
faulted section and then locating the fault point. In com-
bined transmission systems with two segments, the faulted
section is identified by analyzing the value of the fault-side
indicator (x;j,,) obtained from (14), as illustrated in Fig. 6.
For combined transmission systems with three segments, the
faulted section is identified by analyzing the values of the two
computed distances, Xj,;1 and Xjy,2, as shown in both Table 1
and Fig. 7. These two computed distances (xj,,1 and Xjy2)
are obtained by solving a Sth-degree equation, where their
coefficients are presented in (17) and (20), respectively.

After identifying the faulted section, the positive-sequence
voltages and currents at the two ends of the faulted section are
calculated. The fault location is then determined using these
calculated values and the parameters of the faulted section.
For example, if the fault occurs on the cable section of the
three-segment combined line, the fault distance is obtained
as described in (22).

Ill. SIMULATION OF ACTUAL COMBINED TRANSMISSION
LINE
To accomplish the aimed study, an actual nonhomogeneous
transmission line connecting the Egyptian and Jordanian net-
works is studied. Fig. 8 illustrates the selected power system
network from 500 kV Eyoun-Mousa station in Egypt to
400kV Agaba station in Jordan including the following parts:
- 500 kV, 244 km length, overhead transmission line
starting from Eyoun-Mousa station to 500 kV Taba
substation.
- 750 MVA, 500/400/22 kV three-phase autotransformer
(consisting of three-single phase ones).
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/ Acquire measured three-phase voltage and current at line ends /

v

I Calculate +ve sequence components I
I Calculate the fault side indicator x;,, I

\4 y

Y A

The fault is on the The fault is on the The fault is on the
overhead side junction point cable

| t |

Prepare the +ve sequence voltage and current at the faulted section terminal

A\ 4

Estimate the fault distance using the parameters of the faulted section

FIGURE 6. The presented algorithm flowchart for a two segments
transmission line.

- 400 kV, 20 km overhead transmission line connecting
between 500 kV Taba substation and Egyptian subma-
rine cable side.

- 400 kV, 13.6 km three single core submarine cable link-
ing Egyptian and Jordanian networks.

- 400kV, 10 km overhead line linking the submarine cable
with 400 kV Aqaba station.

As shown from these elements, Taba-Aqaba inter-tie trans-
mission system represents an actual system for evaluating
the associated problems with the fault-locator techniques for
composite lines. The appendix includes the parameter data
for simulated overhead sections and simulated underground
section. ATP/EMTP package is used for simulating the con-
sidered actual system.

IV. THE PROPOSED SCHEME ASSESSMENT

Different fault cases were prepared in the ATP package
using 32 samples per cycle at various points, covering the
entire range of the line, including faults close to tie points
between the different segments. The fundamental frequency
components of the three-phase voltage and current phasors
are calculated using the cosine filter. The cosine filter cancels
exponentially decaying DC offsets, cancels all harmonics,
approximates desirable bandpass filtering, and has a perfect
transient response [19]. The cosine filter outperforms the
Fourier filter in the presence of DC offsets. Subsequently,
the presented faulted section identification method and the
fault-locator technique are carried out sequentially. Finally,
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TABLE 2. The proposed scheme performance under L-to-G faults
associated with 10 fault resistance.

TABLE 3. The proposed scheme performance under L-to-L faults
associated with 202 fault resistance.

Obtaine

Faulted Fault Xjunl Xjun2 d Estimated Error
side at (Iém) (km) faulted | Distance (%)
(km) side (km) °

10 835 | 13.05 100236 | 0118

15 | 13902 | 18423 15.0173 | 0.0865

OH1

1995 | 1990 | 2417 <S),P(111 19.928 0.11

1998 | 1996 | 2435 1ae 19.944 0.18

20.03 20.026 | 24374 20.073 0.316

20.06 20.049 24391 20.106 0.338
Cable 25 23.546 | 30.869 qu(bile 25.035 0.2574
30 24975 | 32366 1de 30.046 | 0.3382

334 26273 | 33.558 33.372 0.206
33.55 26.342 | 33.572 33.511 0.2868

33.65 27.836 | 33.878 33.707 0.57

OH2 33.7 28.053 | 33.995 OH2 33.758 0.58
35 31.189 | 36.642 Side 35.054 0.54

40 37.586 | 41.957 40.0619 0.619

Fault Fault . . Obtained Es'timated Error
. at Xjunl Yjun2 faulted | Distance 0
side | (i | Gam) | (km) side (km) (%)
0.4 0.251 0.48 0.419 0.095
8 5834 | 9.97 8.0104 | 0.052
12 10.542 | 14.80 12.005 | 0.025
OHI 16 15.187 | 19.15 15.974 0.13
19.6 | 19415 | 22.95 85; 19.567 | 0.165
199 | 19.833 | 23.14 19.876 0.12
19.95 | 19.926 | 23.23 19913 | 0.185
19.98 | 19.978 | 23.42 19.948 0.16
20.03 | 20.027 | 23.764 20.057 | 0.1985
20.06 | 20.053 | 24.152 20.075 0.11
20.09 | 20.074 | 24.423 20.16 | 05147
20.1 | 20.075 | 25.226 20.14 | 0.2941
25 23.603 | 30.269 25.0821 | 0.604
28 24847 | 31.732 | Cable | 28.004 0.03
Cable 30 | 25324 | 31.681 | Side [ 29989 | 0.081
32 26.254 | 33.084 31.988 | 0.088
33 26.969 | 33.325 32981 | 0.1397
332 | 27.805 | 33.479 33.195 | 0.037
334 | 27.921 | 33.544 33384 | 0.1176
33.55 | 28.042 | 33.563 33533 | 0.125
33.65 | 28.153 | 33.846 33.698 0.48
337 | 28.169 | 33.925 33.786 0.86
33.75 | 28.438 | 34.072 33.792 0.42
33.8 | 28.617 | 34.113 33.885 0.85
OH2 OH2
35 31283 | 36335 | Side | 350174 | 0.174
37 33.694 | 38.524 37.046 0.46
40 37.732 | 41.717 40.078 0.78
42 40351 | 42.964 42.0837 | 0.837

the error is computed as a percentage of the length of the
faulted segment.

The studied cases can be categorized as follows:

Case 1: Different fault types, fault distances, and fault
resistance effects.

Case 2: Effect of nonlinear fault resistance (arcing fault).

Case 3: Effect of changing the source impedance.

Case 4: Effect of changing the fault impedance.

A. SIMULATION RESULTS: CASE 1

The presented faulted-side identification method and the fault
locator were tested for both line-to-ground, line-to-line, line-
to-line-to-ground, and three-phase faults, as shown in Tables
2, 3, 4, and 5, respectively. The tests considered faults close
to the junction point.

From the results, one can observe that, during faults on
the cable section, the values of two obtained indicators (xj,n1
and x;,,2) fall within the range of 20 to 33.6 km for all fault
types. Thus, the output of the presented comparator indicates
a fault in the cable section, as listed in Tables 2, 3, 4, and
5. On the other hand, during faults on the first overhead
section OH1, the value of x;,1 is less than 20 km, and xjun2
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is also less than 33.6 km. This output of the comparator
indicates a fault in the OHI section. Similarly, for faults
on the second overhead section OH2, the value of xj, is
greater than 20 km, and x;,,,2 is greater than 33.6 km. The
comparator’s output indicates a fault in the OH2 section. The
results prove that the presented faulted side identification
method is successful even under faults close to the junction
points (junl and jun2), as shown in the shaded rows in Table 6.
Therefore, the fault location algorithm accurately pinpoints
the fault location after identifying the faulted section, where
the maximum error is 0.837% of the faulted segment
only, as shown in the right-hand side column in Table 6.
Finally, the results demonstrate the efficacy of the proposed
algorithms.

Although the proposed scheme is accurate under faults
close to the junction points connecting the cable section to the
overhead lines’ sections (demonstrated both theoretically in
the paper, Section II, and through the obtained results), if the
scheme’s output indicates a fault within the 20 m threshold
around a junction point, it signifies that the fault is around
the corresponding junction point.

B. SIMULATION RESULTS: CASE 2

The previous results are with fixed fault resistance whatever
its value. In this case, the performance of the presented
protection scheme was investigated during an arcing fault,
in which the fault resistance is nonlinear based on the arcing
model presented in [20]. The arcing model is depicted in
Fig. 9. The model is based on energy balance in the arc [20]
and is characterized by the following differential equation:

i _1lg_
—=2G-g (23)

where 7 is the arc time constant. Gand gare the stationary and
instantaneous arc conductance, respectively.
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TABLE 4. The proposed scheme performance under L-to-L-to-G faults
associated with 309 fault resistance.

Fault Obtained Estimated
el | | | @ | Sat| Distnce | Eror(d
10 8.104 13243 10.031 0.155
15 13.617 18.876 15.027 0.135
OHI 19.95 19.93 24.937 (S)ﬁé 19.924 0.13
19.98 19.958 | 25.114 19.936 0.22
20.03 20.025 | 25283 20.052 0.162
2006 | 20.053 | 25342 20.104 0.3235
Cable 25 22944 | 31576 | caple 25.018 0.1324
30 23.416 31.786 Side 30.0671 0.4934
334 24568 | 33.582 33.386 0.103
33.55 25.105 | 33.591 33.539 0.081
33.65 27562 | 33.892 33.692 0.42
OH2 337 | 27249 | 33998 | 33.766 0.66
35 30.738 36913 Side 35.032 0.32
40 37264 | 42.043 40.0617 0.617

TABLE 5. The proposed scheme performance under three phase faults
associated with 502 fault resistance.

N

/ Acquire measured three-phase voltage and current at line ends
k 2
I Calculate + ve sequence components I

y

| Calculate the fault-side indicators x;,,; & x,»,,,,;l

Yes

WIYIS UONEIYIIUIP] UONIIS PA)[Ne]

The fault is on
OH?2 section

The fault is on
OH]1 section

I t ]

The fault is on
cable section

- _______#

ol
Prepare the +ve sequence voltage and current at the faulted section terminal l §
Fault Obtaine| Estimated g
F al-léted at T{f””’ )]C(’“”Z d faulted| Distance | Error (%) Y I g
side (km) (km) (km) side (km) | Estimate the fault distance using the parameters of the faulted section |4J E'
10 7.688 13.326 10.029 0.145
OHI 15 13232 | 19.132 15.031 0.155 FIGURE 7. The introduced algorithm flowchart for Taba-Aqaba
19.95 19.896 | 25.095 OH1 19.9301 0.0995 transmission line.
1908 | 19949 | 25213 | Side 19.042 0.19
20.03 20.020 25.408 20.063 0.243
20.06 20.048 | 25.554 20.152 0.676
Cable 25 22551 | 31.792 Cable 25.031 0.228 A L B
30 23.253 32.241 Side 30.0596 0.438 - »
334 24432 | 33.589 33.357 0316 500/400 ‘
3355 | 24945 | 33.592 33.541 0.066 Jum, Juny Iy
33.65 | 25.650 | 33970 33.667 0.17 Oi _Jugy  Cable (@] om2 H'I-@
OH2 7337 [ 25019 | 34105 | . 33.803 1.03
35 30447 37.168 Side 35.044 0.44 22kV Loy =20 km Lc=13.6 km Lom; =10 km
40 37.153 | 42171 40.072 0.72 ) Aqaba
Taba substation substation

The stationary arc conductance is defined as:

_ i o
(Uo + R - ligreDlare

where i, is instantaneous arc current. Up and R are the
constant voltage and the resistive component parameter per
arc length, respectively. The values of parameters Up, R, and
T are 13.5 V/cm, 1 mQ/cm, and 0.8 ms, respectively.

One example of an arcing fault occurring at 23.6 km from
terminal A is carried out to test the proposed algorithm.
Fig. 10 illustrates the simulated arc characteristic (arc voltage,
arc resistance, and I-V characteristic). Fig. 11 shows the
measured three-phase current and voltage under the simulated
arcing fault and the response of the cosine filter. Fig. 12 shows
the response of the presented algorithm under this arcing
fault. Figs. 12.a and 12.b show the output of the first and
second fault-side indicators (xj,,1 and Xj,,2) where the two
values indicate that the fault is on the cable side. Then, the
presented algorithm identifies the faulted section. Fig. 12.c
shows the estimated fault distance and confirms the reliability

104280

FIGURE 8. A single line diagram of Taba-Aqaba inter-tie system
configuration.

i(t) Arc
model

5]
3 Farc(t) |

=0.8 ms
lare = 350 cm

FIGURE 9. Arc model structure.

of the presented algorithm for the Taba-Aqaba Intertie trans-
mission system under arcing faults (nonlinear faults).
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FIGURE 12. The response of the presented algorithm under non-linear
fault resistance at 23.6 km fault distance where (a) Xjun1, (b) Xjun2, and

FIGURE 10. The simulated arc characteristic illustrating the (a) arc € 4
(c) estimated distance.

voltage, (b) arc resistance, and (c) I-V characteristic.
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2 ) , FIGURE 13. The response of the presented algorithm under
R y A line-to-ground faults with varying the fault impedance.
S
g 2 TABLE 6. The proposed scheme performance under variation of the
= source impedance.
£
= -4 L L
0 0.05 0.1 0.15 0.2

time () Impedance Impedance Xjun Xjun2 ES};?;ﬁtff
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+ +i
FIGURE 11. The measured three-phase current and voltage under an g;gg +4986275 3 }‘5‘; 41 1?85 5 ;gg(l); ggggz 22550%?5 1
arcing fault at 23.6 km distance from terminal A and the response of the - 12 - LIS - - -
cosine filter. 0.6516+j7.425 | 1.296+j14.85 | 23.478 | 30.133 | 25.0734

C. SIMULATION RESULTS: CASE 3

The presented scheme was also investigated by varying the
source impedance. In this test case, +/—10% range is utilized

in varying the source impedance with a line-to-ground fault
at 25 km distance. Table 6 depicts the results obtained, which
validate the efficacy of the presented scheme.
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FIGURE 14. The utilized tower configuration for the overhead
transmission.

D. SIMULATION RESULTS: CASE 4

Testing of the proposed scheme was conducted by varying
the fault impedance, specifically considering high impedance
faults. To achieve this, we introduced different line-to-ground
faults within the cable section located at a 30 km distance
from terminal A, with fault impedances ranging from 0.1 2 to
1 k2. The results of these tests, as illustrated in Fig. 13, which
shows the outputs of the scheme versus the selected fault
circumstances, confirmed that the proposed scheme remains
effective and independent of the fault impedance variations.

V. CONCLUSION

A new fault location scheme for an actual overhead line-
submarine cable-overhead transmission system (Taba-Aqgaba
Inter—Tie transmission system) is introduced. The proposed
algorithm depends on identifying the faulted section by intro-
ducing new fault-side indicators. The fault-side indicators
(*jun1 and xj,;2) are the calculated distances under consid-
ering an artificial fault at either the first or second junction
point regardless of the actual fault point. Then, a new voting
system is used to obtain the faulted zone. In other words,
the first fault-side indicator (xj,,1) directly refers to faults
occurring at the first overhead section, whereas the second
indicator (xj,n2) directly refers to faults occurring at the sec-
ond overhead section. However, the faults occurring at the
cable section must be seen by the two indicators as cable
faults. The introduced identification method depends on the
rate of change of the voltage along the nonhomogeneous
line in the pure positive-sequence circuit by exploiting the
inequality of positive-sequence impedances of both power
cable and overhead line. The proposed scheme is investigated
under different simulation cases using ATP-EMTP.
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Position | Quantity| Description Thlzzrl::)less
1 Oil Duct
2 Conductor Copper
3 2 |Carbon Black Paper Tapes
4 Insulation, Impregnated Paper Tapes 22.9
5 Carbon Black Paper and Metalized Paper Tapes
6 2 |Copper Woven Fabric Tape
7 Lead Sheath, Alloy F3 3.5
8 1 Copper Woven Fabric Tape 0.25
9 2 |Transversal Reinforced, Stainless-Steel Tapes 0.2
10 1 Copper Woven Fabric Tape 0.25
11 2 Return Conductor Tinned Copper Tapes 0.34
12 2 |Chloroprene Jacket, Semiconductive 1.5
13 1 Semiconducting Nylon Tapes 0.2
14 54 |Armour, Galvanized Steel Wires d=6.0
15 1 Semiconducting Nylon Tapes 0.2
16 65 |Armour, Galvanized Steel Wires d=5.6
17 Covering, Polypropylene Yarn and Asphalt

FIGURE 15. Cross-sectional area of the used single-core cable and its
relevant parameters.

The results confirmed the high efficacy of the proposed
faulted section determination. The proposed scheme is unaf-
fected by variations in source impedance, fault types, and
zero-sequence circuit parameters making it applicable for
submarine cables. Additionally, the proposed algorithm is
reliable under nonlinear faults. Consequently, the fault loca-
tion can be determined straightforwardly by equating the
formulae of positive-sequence voltage at the fault point,
derived as a function of the data at the obtained faulted
section terminals. An essential future prospect of this paper
involves enhancing the presented scheme’s applicability
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TABLE 7. Dimensions of the utilized towers (in meters).

ds ds ds d, dl h4 h3 h2 hl
4.22 6.1 7.0 [ 10.15 | 16.4|3.25| 5.86 | 10.79 | 16.59

TABLE 8. Parameters of overhead line.

Positive-sequence impedance per km 03853 Q £.84.351°

0.9062 Q £84.257°
3.4226e-06 U£94.758°
1.7584e-06 O£ 94.82°

Zero-sequence impedance per km

Positive-sequence shunt admittance per km

Zero-sequence shunt admittance per km

TABLE 9. Parameters of cable.

Positive-sequence impedance per km 0.0951 Q £58.757°

0.0789 Q £49.268°
6.8044e-05 ©£90°
6.1044e-05 ©£90°

Zero-sequence impedance per km

Positive-sequence shunt admittance per km

Zero-sequence shunt admittance per km

under unsynchronized data considering dynamic loading
effect.

APPENDIX
The Configuration of Taba-Aqaba Cascaded Transmission
Line is as follows:

A. SIMULATED OVERHEAD CONFIGURATION

The configuration of the simulated overhead is depicted in
Fig. 14. Additionally, the dimensions of the utilized towers
and the parameters of the overhead line per unit length in km
are shown in Tables 7 and 8, respectively.

B. SIMULATED SINGLE CORE CABLE CONFIGURATION

The configuration of the simulated cable is depicted in
Fig. 15. Additionally, the parameters of the cable section per
unit length in km are shown in Table 9.
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