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On the Application of Modal Transient
Analysis for Online Fault Localization 1n
HVDC Cable Bundles

Mani Ashouri, Student Member, IEEE, F. Faria da Silva, Senior Member, IEEE and Claus Leth Bak,
Senior Member, IEEE

Abstract— This paper presents the modal analysis of different
HVDC cable bundles. Using modal theory, specific transformation
matrices are presented, and the modal equivalent circuits are
illustrated. The behavior of the resulting modes is studied in a wide
frequency range, the impact of different cable parameters and
burial configurations on the modal characteristics are analyzed. A
concept for online fault localization in HVDC cable transmission
based on the difference between the modal velocities and
consequently the arrival times of the modal traveling wave (TW)
initial peaks is presented. In this method, modal voltages and
currents are used instead of direct measurements and the
proposed concept uses one-sided measurement without needing to
detect the second TW reflections. Multiple faults are applied to
CIGRE HVDC models in PSCAD/EMTDC and the modal analysis
is obtained in MATLAB. The impact of different sampling
frequencies, fault resistance, fault location and different
grounding schemes on the proposed modal fault location principle
is analyzed. The theoretical results show the accuracy of the
proposed modal fault localization concept for different HVDC
cable bundles.

Index Terms— Eigenvalue Analysis, Fault location, HVDC
Cables, Modal Theory, Transients, Traveling Waves.

I. INTRODUCTION

H igh Voltage Direct Current (HVDC) cable transmission is
gaining more attention worldwide, mainly due to

widespread underground and submarine transmission for
offshore wind generation and connecting largescale AC regions
using both line-commutated converter (LCC-HVDC) and
voltage source converter (VSC-HVDC) based transmission.
However, there are technical obstacles to the protection of
cables compared to overhead line (OHL)s. In both HVAC and
HVDC transmission, detecting and locating faults is more
straightforward for OHLs than cables, because of higher
attenuation in the cables due to having contact with materials,
which have a higher permittivity than air. Additionally, more
complex calculations are needed in cable transmission, because
of dealing with more coupled conducting layers than OHLs.
Moreover, unlike the OHLs, in which the transmission section
is visible, it is more difficult to locate the fault for buried
underground and submarine cables [1]. Thereupon, developing
novel HVDC cable fault location methods, in both offline and
online ways, is an important topic that needs to be investigated
in order to improve HVDC transmission technology. Having a
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robust and reliable fault localization method for HVDC cables
can save a massive amount of time and expenses in the repair
process [2]. Currently, fault location of HVDC cables consists
of standard offline methods, like time domain reflectometry
(TDR), in which an offline rectangular impulse traveling wave
(TW) signal is sent to one end of the cable, and the reflection
time is measured [3]. The bridge measurement is another offline
fault localization method, which is based on measuring the
resistance variations along the faulty cable using Murray loop.
A recent publication in offline fault localization in HVDC
cables [4], presented an offline time-frequency reflectometry
(TFDR) method, which approximates the fault location in
HVDC cables based on combined Euclidean, tangent distance
and time-frequency analysis. The method was tested on
practical cables in real-time and gave results with an acceptable
error. Despite the workability of offline fault location methods
for HVDC cables, the main disadvantages are the significant
time-consuming process and the need for providing external
testing equipment [2]. There are also publications investigating
online fault detection and localization for both LCC and VSC-
HVDC systems, which are mostly based on TWs [5]-[7], the
rate of change of voltage (ROCOV) [8] and artificial
intelligence [9]. The TW-based techniques depend on the
detection of the reflection of the fault waves for one-sided
measuring, which is hard to detect considering the interference
of several reflection and refractions particularly for faults close
to the measuring location.

Considering that several conducting layers exist in HVDC
cables, there can be multiple measurement methods, which may
be useful for fault detection and allocation. Most of the
researches use directly measured fault data from core
conductors [10] and studies also exist using directly measured
sheath voltages [11]. However, due to multiple loops in the
cable layers, the measured voltages and currents are coupled
particularly at low frequencies. They can be transformed into
the decoupled modal values that contain accurate information
about the attenuation, speed and the arrival time of the fault
transient data. Consequently, these modal values can be used
for fault detection and localization, which can give more
accurate results than directly using coupled pole values. Modal
analysis is a well-known method for decoupling n-conductor
systems. It is based on eigenvalue theory and it is used to
diagonalize matrices with off-diagonal elements. Regarding the
cable studies, modal theory deals with the decoupling process
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of conducting layers and going from the phase values to the
modal values. Each of the modes have specific attenuation,
velocity and arrival time to the measurement point [12]. There
are studies that use the modal analysis in a way that consider
only main conductor and ground modes, which is mostly proper
for OHL transmission [13]. Recent works regarding the
traveling wave-based fault location of HVDC links, tried to use
this method of modal analysis for designing fault locator for
OHLs, which use the arrival time delay between conductor and
ground modes [14]. The authors concluded that this method is
feasible only for long OHLs. However, in cable transmission,
the modal velocities are slower than OHLSs, and it is possible to
detect the initial peaks for closer locations. Additionally, using
conductor and ground modes may not be feasible for fault
location, because the detection of initial peak for the ground
mode is challenging compared to intersheath and interarmour
modes, which will be introduced in this paper for HYDC cable
transmission.
In HVAC cables, due to cross-bonding, accurate detection of
the modes is challenging. Each mode generates other modes at
the end of each section due to the change in the forward
impedance. Thereupon, there are several modal transient
interferences at the end of the cable. Regarding the HVDC
cables, there is no cross-bonding and the external cable layers
are usually bonded in the two ends. Thus, the modes can be
distinguished easier. In this paper, the modal analysis of HYDC
cables based on eigenvalue theory is presented. The
contributions of this paper are as follows:

1) Studying the modal analysis of HVDC cable bundles. It
gives detailed information about the modal characteristics
of transients in the time and frequency domain. Most of the
modal studies in HVDC cables, simply consider only
coaxial and ground modes. This paper gives detailed
characteristics for all modes in HVDC cables.

2) Different HVDC cable layer constructions and HVDC
cable bundles used in current practical HVDC topologies,
including innovative construction with the integrated
return are considered and the modal matrices are developed
for each construction. Specific transformation matrices are
proposed for each bundle in order to convert the directly
measured data into the modal value. The equivalent circuit
diagram of each mode is also presented.

3) Impacts of different parameters regarding the geometric
and materialistic configurations of the cable bundles and
the burial and grounding configurations on the modal
characteristics are extensively studied.

4) By using the difference in the initial arrival peak of the
detected modal transients due to modal velocity difference
in HVDC cables, this paper proposes a new TW-based fault
location concept for HVDC cable transmission. This
technique can be used for online fault localization in
HVDC cables requiring only the measured current fault
TWs, and the cable data provided by the manufacturer. It
does not require external offline pulse injection using
commercial cable fault localization technology. The
concept uses one-sided current measurement. Additionally,
the detection of the second reflection of TWSs, which is
essential for one-sided fault detection and localization
studies, is not necessary. Moreover, different pairs of the
modes are possible to be selected and used as a backup,
when the detection of the main pair of modes was not
successful.

The remainder of this paper is written as follows: section Il
explains the basics about some of the HVDC cable types,
arrangements, and bundles that are used in current installations
worldwide. Section Il describes the modal theory used for
decoupling the longitudinal impedances and voltage and
currents. The characteristics of the modes in contrast to
frequency and the impact of different parameters are analyzed
in section 1V and the fault localization concept based on the
modal velocity difference is proposed in section V. Section VI
discusses some of the considerations for the proposed principle.
Finally, the conclusions are given in section VII.

Il. HVDC CABLE TYPES

A. HVDC Cable Materials

There are three major HVDC cable types used in current
installations, namely: Mass-impregnated (Ml), Self-Contained
Fluid-Filled (SCFF), and Extruded cables. The main difference
is the materials used in cable layers, particularly for insulation
layers [15]. The resistivity and permeability of conducting and
insulating layers may have a significant impact on the transient
characteristics of fault currents and voltages.

B. HVDC cable Arrangements

According to the HVDC topology used, different cable
arrangements can be considered. The majority of them are
categorized as follows:

1) Two core coaxial cables

In this study, coaxial cables are considered to have a core and a
screen layer as conducting layers that are separated by an
insulation layer. The two core coaxial (TCC-HVDC) cable
bundle consists of two coaxial HVDC cables with the
mentioned construction, which is depicted in Fig.1 (a).

2) Single core extruded with metallic return

In HVDC transmission, a metallic return path can be bundled
with the main transmission cable instead of using sea or ground
as the return. This can be mainly used for asymmetric monopole
configuration like Neptune regional transmission system [16]
The so-called single core extruded with metallic return
(SCEMR-HVDC) cable is depicted in Fig.1(b). In this
construction, an armor is considered for the return coaxial cable
instead of the screen.

3) Two core extruded cables

This arrangement is very common and it is mainly used for
symmetric monopole configurations and symmetric bipole with
ground return. The KontiSkanl link between Denmark and
Sweden, the Kontek link between Denmark and Germany and
the NordNed HVDC cable between Norway and Netherland
[17] are early and late examples for this arrangement. Fig.1 (c)
shows the construction of two core extruded (TCE-HVDC)
cable.

4) Extruded with integrated metallic return cables

Other than conventional cable bundles, there also some
installations with innovative configurations that bring new
transmission possibilities for HVDC cable systems. The
installed HVDC cable between Ireland and Scotland in 2002
has an integrated metallic coaxial layer as the return path that
has many benefits to conventional cables, like better
mechanical properties and armoring, less external magnetic
field and more compact laying properties [17]. Fig. 1 (d) depicts
the construction of extruded with integrated metallic return
(EIMR-HVDC) cable.
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There are other HVDC cable bundle possibilities that can be
designed with more complex modal arrangements. As an
example, the symmetric bipole with metallic return can consist
of two extruded conductors and a coaxial return in a bundled
package. However, they are still not practically produced and
installed and thus are skipped in this paper.

A. Loops in Various Cable Constructions

Considering multiple conducting layers of cables that are buried
underground/sea and various bonding methods, there are a
number of loops based on the cable layer arrangement. This
makes cable analysis more complex than for OHLs with fewer
conducting layers [18]. The current flowing in each layer
circulates in a loop with the neighbor outer layer. The procedure
of building impedance and admittance matrices for both HVAC
and HVDC cables are the same and are given in textbooks and
papers [12], [15], [18] and will be skipped in this paper. Fig.
2(a-c) illustrates the loops for HVDC cables with two (TCE-
HVDC), three (TCE-HVDC) and four (EIMR-HVDC)
conducting layers, respectively. According to the loop
impedances, a relation between loop voltage and currents is
expressed as:

MOoODAL ANALYSIS OF HVDC CABLES

Vy=2Z.1, 1)
Where, Z; , V,; and I, are loop impedance, voltage and current
matrices, respectively. According to Fig. 2, V;, and I; matrices
will be determined based on the cable layers, given in the black
and red parameters, respectively. Eq. (1) needs to be converted
from loop to series parameters for modal analysis. According to
the well-known coaxial cylindrical conductors theory, the
transformation matrices for converting loop impedance matrix
to series impedance matrix are given in Eq. (2) as T4, T, T3,
and T, for TCC-HVDC, SCEMR-HVDC, TCE-HVDC and
EIMR-HVDC cables, respectively. Each row of the
transformation matrix corresponds to one cable layer. Eq. (3)
gives the equation for changing from the loop impedance matrix
to series impedance matrix.
Zyy = [T177.2,.[T]! (3)
Now the series impedance matrix and pole voltage and current
values for each layer are achieved. However, the resulted series
impedance matrix will have off-diagonal elements that need to
be diagonalized in order to have decoupled values. This is
performed by the eigenvalue analysis of the series impedance
matrix.

B. Eigenvalue Analysis and the Modal Theory

Modal theory, i.e., eigenvalue analysis has been extensively
used in power system stability [12], fault analysis [13], and
power electronics control [19]. In overhead lines and cables
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Fig. 1. HVDC cable bundles: (a) Two core coaxial (TCC-HVDC), (b) Single
core extruded with metallic return (SCMR-HVDC), (c) Two core extruded
(TCE-HVDC), (d) Extruded with integrated metallic return (EIMR-HVDC).
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Fig. 2. Loops along cable layers for different HVDC cable constructions. (a):
Two conducting layers cable (b): three conducting layers cable (c): Four
conducting layers cable.
impedance. The telegraph equations for a transmission line can

be written as (4) and (5) [18]:

5] = Zm, 1% @
] - izl ®

Where, Z, and Y, are series impedance and admittance
matrices based on the pole conductors. The matrix [Z,][Y ],
which is a non-diagonal matrix, can be written as Eq. (6):

with distributed parameters modeling, eigenvalue theory is used A, 0 0 0
to have decoupled modal wave propagation parameters. Each 0o 2 0 0
mode has specific attenuation, speed, and characteristic [Z,][Y,] = RAL =R 0 02 A 0 L (6)
0 0 0 A
1 0 0 O 0 O
1 0 0 0 f11(1)8381 1 1 0 0 o o 1 0 0 0
T=—1100T=|_00100|T=|0 —11000|T=—11 0 0
100102001103|000100|40—110
0 0 -1 1 00_0_11 l000—110J o 0 -1 1
0 0O 0 0 -1 1
2
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Where, matrix A, which is a diagonal matrix, is called the
eigenvalue or modal matrix and can be found using the
characteristic equation of the matrix. Matrix R and L are the
right and left eigenvector matrix, respectively and their relation
isas (7):
L=R"1 (7
Accordingly, A is the modal matrix for[Z,][¥,], which can be
found using (8):
A=R71Z,][Y,]|R (8)
Matrix R will be the eigenvector matrix for voltage transform
and it is defined as K,,. Then, the modal voltage can be found
using (9):
[Vl = K, 7' [Vp] )
Where, V,, is the modal matrix of voltage. Having the same
process, the modal current will be found using (10):
[l = Ki'[1,] (10)
Where, K; is the current transformation matrix and I, is the
modal matrix of current. The relation between current and
voltage transformation matrix will be as:
K; =K, (11)
The relation between modal voltage and currents is as (12):
Vul=[Zy]. [Iy] (12)
Then propagation constant can be found as v/A , Where, the real
part is the attenuation and the imaginary part is called the phase
constant. The modal velocity can also be found using (13):
2nf
~im@a) (13)
Where f is frequency and v is the modal speed.

C. Developing modal matrices for HYDC cable bundles

1) Two core Coaxial cable

In TCC-HVDC cables, a core conductor and a screen layer are
considered for each pole. Hence, a total of four modes exist for
this bundle. The transformation matrix T, given in (2) is used
to convert the loop impedance matrix to longitudinal series
impedance matrix and then the eigenvalue analysis is applied to
acquire the modal values. Each of the non-zero elements
resulted in the diagonal matrices is an eigenvalue of the series
impedance matrix and contains the characteristic information of
a specific mode. The modes for this cable are defined as V%, =
[Vo, Vi, V,, V5] and 1%, = [1,,1;,1,,15], as voltage and current
modes, respectively. The pole voltage and currents are defined
as VL = [V, Vea, Vi, Vol and 15 = [I.q, Iep, Isp, Isz]. The first
row to the fourth row of the matrix K;_;.c correspond to core
1, core 2, screen 1 and screen 2, respectively. The K;_r¢c
matrix and the equivalent circuits of the modes are given in Eq.
(14) and Fig. 3, respectively (only conducting layers are
depicted in all modal figures). The first mode (Vy, ;) is a zero-
sequence ground mode where the same current in injected into
both screens and corresponds to screen-ground loops. It is
equivalent to the first column of K;_r¢¢ matrix and is depicted
in Fig 3 (a). The second mode (Vy,1,) is an intersheath mode
where current is flowing in screen-screen loops. This mode
corresponds to the second column of K; and is shown in Fig 3
(b). In the third mode (V,,I,), current is injected into one pole
and returns in another pole. This mode is an interconductor
mode at lower frequencies and a pure coaxial mode in high
frequencies. The third column of K;_pcc and Fig. 3 (c)
corresponds to this mode. The fourth mode (V3, 13), is a zero-
sequence coaxial mode where current is injected into the core

conductors and returns both screens. It corresponds to the fourth
column of K;_r¢c and is depicted in Fig. 3(d).

I[o 0 V272 \/7/2]|

10 0 —/2/2 V2/2

Ki‘TCC_|1 1 —2/2 —2/2 (9
i -1 V272 —v2/2l

2) Single core Extruded with Metallic return

In SCEMR-HVDC cable, there are a total of five modes and the
modal voltage and current matrices are VT = [V,, V;,V,, V3, V,]
and IT = [I,1;,1,,15,1,], with elements as for coaxial 1,
sheath, ground, interarmor and coaxial 2 modes, respectively.
The pole voltage and current matrices for this cable model are
defined as Vb =[V., Vs Ve, Vep, Vo] and 15 =
[Teq, Iz, g1, Iso, 1o ] respectively. Therefore, the sequence of the
rows of the matrix K;_s-gnz Will be as core 1, core 2, screen 1,
screen 2 and armor 1. The current modal matrix is given in (15)
and the corresponding equivalent circuits are depicted in Fig. 4.
The first mode (V,,1,) is a coaxial mode where current is
injected into a core and returned in the screen of the same cable.
This mode corresponds to the first column of K;_gcpmg and Fig.
4 (a). The second mode (V,, 1;) is a sheath mode where current
is injected into the screen of the main cable and returns in the
armor of the same cable. The second column of K;_gcgygr and
Fig. 4 (b) depict this mode. The third mode (V,,1,) is a zero
sequence ground mode where the same current is injected into
both armors and is returned from the ground. The third column
of K;_scemr and Fig 4 (c) shows this mode. The fourth mode
(V3,13) is and interarmor mode where current is injected into
the armor of the main cable and returns in the armor of the
ground return cable. It corresponds to the fourth column of
K;_gcemr and Fig. 4 (d). The last mode (V,, I,) for this cable is
a coaxial core mode which is similar to the first mode but for
the ground cable.

1 0 0 O 0

0 0 0 O 1
Kisceme=|—-1 V2 0 0 0 (15)

0 V2 1 1 0

0 1 -1 -1

3) Two core Extruded cables

In TCE-HVDC cable bundles, three conducting layers exist for
each core. Hence, there are a total of six modes with the
matrices VT = [V,,V;, V5, V5, V,, V] and 1T = [I,, 1,15, 15,
I,,I5], and the polar voltage and current matrices V5 =
[Vcl'vcz'vsl'VsZ'ValtvaZ] and I; = [Icl'lcz'lsl'ISZ'Ial' Iaz]:
respectively. The columns of K;_rcg correspond to ground
(Vo, Ip), interarmor (Vy, 1), coaxial 1 (V,,1,), sheath 1 (V3,15),
coaxial 2 (V,,1,) and sheath 2 (Vs,Is) modes, respectively.
Coaxial modes are similarly injected into the core and returned
to the screen of each pole and the sheath

(a) (b)

o) by M) %
—) P %

(c) (d)

Fig. 3. Equivalent circuits for the modes in TCC-HVDC cables (a): ground
(b): intersheath (c): coaxial 1 (d): coaxial 2.
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@—:@:l:@@ﬂ

w%ﬁ%

@:@E):

(e)
Fig. 4. Equivalent circuits for the modes in SCEMR-HVDC cables (a): coaxial
1 (b): sheath (c): ground (d): interarmor (e): coaxial 2.

modes correspond to screen-armor loops of each pole. The
modes are depicted in Fig. 5 and the matrix is given in Eq. (16).
e o0 1 0 0 01
‘0 0 0 0 1 0 ‘

0 0 -1 V2 0 0
(16)

0

1

Kiree =g 0 0 -1 V2

1 0 —V2 0 0
1 -1 0 0 0 —2
4) Integrated metallic return cables
In EIMR-HVDC cable, instead of a separate coaxial metallic
return cable, an additional layer exist between sheath and armor
as the return path. This layer adds another loop in
correspondence to Fig. 2 (c). Hence, there will be a total of four
modes with the modal voltages and currents of matrices V7 =
[V, Vi, V,, Vg, V] and iT = [I,, 14,15, I3, 1,], with polar matrices
as  Vp= [Ver, Vs1s Vers Vai and I; = [lew Ispo Irgo Tl
corresponding to each row of matrix K;_g;yr, respectively.
The first to the fourth columns of K;_g;yz in (17) show coaxial
(Vo, 1p), sheath (Vy,1;), ground (V,,1,), and a return mode
(V3,13), respectively. In the return mode, current is injected into
the return conductor and is returned in the armor, which is the
fourth layer in EIMR-HVDC cable. Fig. 6 depicts the modes for
this cable.

[1 0 0 0]

Ki—ElMR=|_01 _\/37 g \7§| 7
lo o 2 —v3l

D. Modal velocity difference for fault location

Each of the modes for every cable bundle, has a specific
attenuation and velocity in different frequencies. The difference
in the velocity of the decoupled modes can be used for fault
localization in HVDC cable bundles. In HVAC systems, the
cables are cross-bonded and the modes have interference at the
end of each section. In fact, each mode divides itself into the
other modes at the crossing point. The cross-bonding also
causes higher modal attenuation, which makes the detection of
modes more challenging. However, cross-bonding does not
exist in HVDC cables and there is no interference between the
modes at any distance in the middle of the cable, except in case
of joining points in multi-terminal HVDC links. Thereupon, the
detection of modes is feasible in HVDC cable transmission.
Considering the difference in the velocity of each mode, they
have different arrival times to the measurement location. Due

S 1o
b o
2.8

(f)
Fig. 5. Equivalent CIrCUItS for the modes in TCE-HVDC cables (a): ground
(b): interarmor (c): coaxial 1 (d): sheath 1 (e): coaxial 2 (f): sheath 2.

L.

(c) (d)

Fig. 6. Equivalent circuits for the modes in EIMR-HVDC cables (a): coaxial
(b): sheath (c): ground (d): return.
to the decoupled system of the modes in high frequencies, the
fault location using time difference between the modes gives
more accurate results than using the arrival time of pole layers.
Having the arrival time of the modes, the fault location is
determined using the following equation based on one-sided
measurement:

Ati]'
1t
Vi f Vif

Where, d is the determined fault distance from the measurement
location, At;; is the arrival time difference between the modes i
and j. vif and v;¢ are the velocities for modes i and j at the
frequency f respectively. Fig. 7 depicts the flowchart for
determining K;, modal currents, and fault location.

d= (18)

I\VV. CHARACTERISTICS OF THE MODES

The pole impedance and admittance matrices and consequently
the resulted eigenvalues are complex numbers, which are
frequency dependent. In lower frequencies, the modes are
coupled and the modal matrices still have small size off-
diagonal elements. As the frequency increases, the imaginary
part of the eigenvalues gets closer to zero [18]. Table | shows
the frequency dependency of the modal attenuation and velocity
for all cable bundles. The modal attenuations are the real part
of VA and the modal velocities are calculated using (17). The
cable data for different bundles are adopted from [12], [20],
[21]. According to the table I, for frequencies higher than 100
kHz, the modal velocities do not change significantly. In high
frequencies, the modes are considered as completely decoupled
and the frequency of 1 MHz is considered for all modal studies
in this paper. The remainder of this section studies the impact
of cable dimensional parameters, material properties and burial
configurations on the modal characteristics. Due to page
limitations, only a number of parameters are studied for each
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Fig. 7. Flowchart for calculating different parameters explained in section I11.
cable bundle. Tables 11-V give modal characteristics based on
different parameters. The results given in tables 1I-V are
obtained in the frequency of 1 MHz. The highlighted values
give the parameters used as the cable bundle data for fault
localization in section V.

A. Impact of dimensional parameters

Table 11 shows the impact of dimensional parameters on the
modal characteristics of TCC-HVDC cable bundle. According
to the results, when the burial depth increases, ground mode
attenuation and velocity increase. This leads to a decrease in the
attenuation of the intersheath mode, while the intersheath
velocity faces a slight increase. The coaxial mode parameters
remain constant with different burial depths. When the radius
of the core insulation gets larger, the attenuation of the ground
and intersheath modes increase, while the coaxial attenuation
gets smaller. The ground velocity decreases, while the
intersheath and coaxial velocities get larger with an increase in
the radius of the core insulation. According to the table, an
increase in the sheath radius leads to an increase in the ground
mode attenuation and a slight decrease in intersheath
attenuation, while the coaxial attenuations remain constant.
Increasing the sheath radius, will diminish the velocity of the
ground mode and increase the intersheath mode velocity, while
the coaxial speeds remain constant. According to the results for
the impact of dimensional parameters, they do not have a
significant impact on the modal attenuation and velocities and
all the mentioned changes are very small, particularly on the
coaxial modes.

The impact of different burial angles and the distance between
the poles for TCE-HVDC cable are given in table Ill. As the
distance between the two poles increase, both attenuation, and
velocity of the ground mode increases, while the attenuation
and velocity of the interarmor mode get smaller. The
attenuation and velocities for the coaxial and sheath modes
remain constant with a small change in the distance between the
poles. According to the table, there is not a significant
difference in the modal characteristics between different burial
angles, namely horizontal, vertical, and with 45 angle.

TABLE |: FREQUENCY DEPENDENCY OF MODAL ATTENUATION AND
PROPAGATION VELOCITY IN VARIOUS HVDC CABLE BUNDLES

Frequency [Hz] 1K 2K 5K 100K 1M
— Vo | 0.26 0.49 1.21 2897 | 357.35

§ » [ V| 022 0.22 0.22 0.37 3.75

o ; = v, | o007 0.09 0.11 0.32 1.04
o | = Vs | 0.09 0.10 0.11 0.32 1.04
E _ Vo | 1246 | 1275 | 1315 | 1490 | 17.11
| 8 < | Vi 5269 | 4927 | 5143 | 52.68 | 53.60
T ® [V, | 16466 | 181.51 | 191.22 | 19531 | 196.93

- Vs | 178.23 | 181.25 | 191.22 | 195.31 | 196.93

Vo | 0.5 0.06 0.07 0.27 0.86

= vV, | 057 0.92 1.72 13.90 | 60.15

E Z|v,| 035 0.64 1.46 29.29 | 341.94
) Vs | 041 0.65 1.16 6.34 21.59
S v, | 022 0.37 0.67 4.04 13.89
'E Vo | 183.26 | 188.25 | 191.31 | 195.74 | 197.06
g T Vy | 4227 | 5012 | 62.15 | 138.47 | 156.35
S S | v, | 1286 | 1328 | 1386 | 1596 | 18.45

2 Vs | 3569 | 39.63 | 44.40 | 54.14 | 56.72

V, | 7872 | 89.60 | 104.18 | 141.11 | 153.30

Vo | 034 0.62 1.33 26.88 | 320.28

—_ v, | 038 0.59 1.04 5.39 12.82

§ » | V2| 008 0.09 0.11 0.32 1.04

§ = | vy | 070 1.10 2.05 16.38 | 73.76

4| = v, | o008 0.09 0.11 0.32 1.04
@ V. | 070 1.10 205 | 1638 | 73.76
g Vo | 1412 | 1459 | 1521 | 1753 | 2032
o vV, | 3809 | 4209 | 4686 | 56.22 | 58.36
g < | V2 | 17588 | 18521 [ 19056 | 19531 | 196.93

T — | Vs | 3688 | 4402 | 5505 | 104.00 | 147.94

- V, | 175.88 | 185.21 | 190.56 | 195.31 | 196.93

Vs | 36.88 | 44.02 | 55.05 | 144.40 | 147.94

— Vo | 0.02 0.03 0.04 0.32 1.03

§ » | Vi | 024 0.28 0.78 2.21 7.47

m ? 7 lv, | o017 0.34 0.94 15.91 | 182.78
S| = Vs | 012 0.16 0.32 6.78 25.43
'E Vo | 178.14 | 181.69 | 187.87 | 19535 | 196.94
3 g < | Vi | 13328 | 152.09 | 153.67 | 186.10 | 192.33
T % [V, | 1920 | 1969 | 2535 | 2933 | 33.82

- V, | 133.08 | 139.27 | 94.87 | 151.53 | 179.61

B. Impact of layer material properties

The impact of different resistivity values for conducting layers
of TCE-HVDC cables are given in table IV. An increase in the
resistivity of the main conductor will increase the attenuation of
coaxial core mode, while slightly decreases its velocity. The
rest of the modes will have constant attenuation and velocity
with change in the core resistivity. As the sheath resistivity for
the main cable increases, modal attenuation for coaxial core and
sheath modes get larger and their velocity gets smaller. The
attenuation and velocity of the other modes remain constant. An
increase in the resistivity of the armor will increase the
attenuation of the sheath, ground, and armor modes while
decreasing their velocity. According to the results, any change
in the resistivity of conductor layers for one of the poles, will
not have a significant impact on the coaxial modes of the other
pole. In summary, the resistivity of a specific layer will have a
direct impact on the attenuation and an opposite impact on the
velocity of the modes resulted from the neighbor layers in the
same cable.
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Table V studies the impact of layer permeability on the modal
characteristic of EIMR-HVDC cables. According to the table,
an increase in the permeability of the core conductor, will
increase the attenuation of the coaxial core and decrease its
velocity. No change is observed in the characteristics of the
other modes on this test. As the sheath permeability increases,
the attenuation of the coaxial and sheath modes increase, while
their velocity gets smaller. Any change in the armor
permeability also has a direct impact on the attenuation of
ground and return modes and opposite impact on their velocity.
After extensive tests on the impact of different materials on the
characteristics of the modes on different cable bundles, it is
observed that the conductor permeability have the most
significant impact on the attenuation and speed of the modes
among all tested parameters. The most significant impact was
for the armor permeability of TCE-HVDC cable. Using
different material for the armor and consequently with a change
in the armor relative permeability for TCE-HVDC cable from 1
to 400, the modal attenuation significantly increases, which
may make the detection of the initial peaks of the modes
challenging. Hence, the selected material in TCE-HVDC cable
has armor relative permeability of 400, to have the most
challenging situation for fault localization case in section VI.

V. MODAL VELOCITY DIFFERENCE FOR FAULT LOCATION

According to the different modes explained in section Il and
the determined modal velocities in Table I, there are various
possibilities between every two modes in each bundle than
theoretically can be used for the fault location. The proposed
fault localization concept only needs the measured fault data
from one side of the cable and there is no need for the
communication link. Most of the TW-based fault detection and
location techniques that use one-side measurements in both
HVAC and HVDC systems, measure the time difference
between the first wave arrival time and the second reflection
time. In this method, only the initial peak of different pairs of
the modes are used for fault localization and there is no need to
detect the second reflection of the waves, which is challenging
to be accurately detected.

To analyze the fault localization using the proposed modal
principle, extensive tests with various configurations are
investigated and the impact of different parameters are studied.
Each of the proposed cable bundles is used to study a specific
parameter. Fig. 8 depicts the single line diagram of CIGRE
LCC and VSC HVDC links, which are used for fault analysis.
The systems are simulated in PSCAD and the defined faults are
applied on different cable bundles. Standard PSCAD current
measurement blocks are inserted at the end of each conducting
layer in one side of the transmission links. The ammeter
placement and the corresponding parameters are shown in Fig.
8. Table VI shows the defined fault scenarios used in different
study cases. Technical data can be found in [22] for LCC-
HVDC link used for testing SCEMR-HVDC cable and the
VSC-HVDC system used for TCC-HVDC and TCE-HVDC
cable tests are given in [21]. The cable data for different bundles
are adopted from [12], [20], [21]. The cables series impedance
and admittance matrices are obtained for the frequency of 1
MHz and the data is exported to MATLAB. Eigenvalue
analysis, the related parameters, the modal voltages and
currents, and the modal fault location are determined according

to the flowchart given in Fig. 7. This paper focuses on the
behavior of modes for different HVDC cable bundles in
frequency and time domain. In this section, only the principle
of the fault localization based on the modal velocity difference
is proposed and the time difference between the initial peaks of
the modes is studied. The signal processing, which must be used
for accurate detection of the modal initial peaks and
implementation of the proposed technique to design an online
fault localization algorithm is not in the scope of this paper and
it is considered as future research. In all study cases, the exact
sample that each modal wave faces an increasing change is
considered as the initial arrival of the fault transient, which may
have a small error based on the sample delays resulted in the
signal processing technique used. Impact of different
parameters on the accuracy of the proposed modal technique to
detect the fault location is studied in the following section.

A. Impact of sampling frequency:

Fault I studies the impact of different sampling frequencies on
the modal initial peak arrivals in TCC-HVDC cable. The line
length is 400 km and the fault is applied to the middle of the
line. According to the coaxial and sheath modal velocities in the
frequency of 1 MHZ given in table I, the modal time difference
using sampling frequencies of 1 MHz, 40 kHz, and 20 kHz, is
depicted in Fig. 9 (a-c), respectively. Table VII gives the modal
time different results, determined fault location, and the
corresponding relative error. Although the frequency of 1 MHz
is used as the default sampling frequency for all cases to shows
the most accurate arrival peaks for the modes, the results prove
that lower sampling frequencies also give acceptable results for
the time difference between the modal initial peaks. However,
based on the signal processing techniques used for designing
the fault location algorithm, the total sample delays may vary,
which is dependent on the accuracy and robustness of the signal
processing technique used.

B. Impact of fault resistance

Faults 11-1V study the impact of fault resistance on the initial
peaks of modes in SCEIMR-HVDC cable. The total length of
the cable bundle for this case is 100 km, and all the faults are
applied to the middle of the line. Fig. 10 (a-c) depict the modal
fault waves for faults I-1V, respectively. According to the
figure, for higher impedance faults, the detection of the modal
initial peaks will be more challenging for the signal processing
method used. However, it is still possible to detect the modal
peak arrivals and the initial peaks can still be clearly
distinguished from the normal situation in modal fault current
wave. Different combination of the modes can be used for
locating the fault. The time difference between the initial peaks
of coaxial 1- sheath, and coaxial 1- coaxial 2 modes are 63 us,
and 72 us, respectively. According to the modal speeds in the
frequency of 1 MHz given in table I, the determined fault
locations are 47.68 and 49.70 km, using the two mentioned
combination of the modes. These values can be determined for
all three faults regardless of the fault impedance. According to
the results, increasing the fault impedance does not have a direct
impact on the principle of time difference for different modes.
However, it may make the detection of the initial peak more
challenging, which can be handled by using more accurate and
robust signal-processing techniques.
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TABLE Il: IMPACT OF DIMENSIONAL PARAMETERS ON THE MODAL CHARACTERISTICS OF TCC-HVDC CABLE BUNDLES
Parameter h [m] Tins [mm] rg [mm]
Value t| 025 1 15 3 t 10 15 20 25 t 0.5 1 2 4
_ Vo| 1| 3058 | 3481 | 3573 | 3582 | 1| 314.8 | 3366 | 3573 | 3777 | 1| 3512 | 3533 | 357.3 | 365.3
§ » | Vi ]| 45 38 3.75 373 | 1| 216 3.36 3.75 4.07 3.74 3.68 3.75 3.88
§ = v, 1.04 1.04 1.04 1.04 J| 291 1.40 1.04 0.82 1.04 1.04 1.04 1.04
q"—?‘ = Vs 1| 104 1.04 1.04 1.04 J| 291 1.40 1.04 0.82 1.04 1.04 1.04 1.04
g Vo | 1| 1659 | 16.92 | 1711 | 1746 | | | 1893 | 1794 | 1711 | 1638 | | | 17.34 | 1726 | 17.11 | 16.80
o E < Vi f 53.56 53.59 53.64 53.66 T 53.15 53.26 53.60 54.28 1 53.46 53.50 53.60 53.83
E = V, 196.9 196.9 196.9 196.9 | 1| 196.1 196.6 196.9 197.1 196.9 | 196.9 196.9 196.9
V3 196.9 196.9 196.9 1969 | 1| 196.1 196.6 196.9 197.1 196.9 | 196.9 196.9 196.9
TABLE Ill: IMPACT OF BURYING CONFIGURATIONS ON THE MODAL CHARACTERISTICS OF TCE-HVDC CABLE BUNDLES
Parameter Horizontal arrangement [mm] Vertical arrangement [mm] 45 degree [mm]
Value 1 130 VEY,0 W Y. 1 130 VEY,0 WV Y. 1 130 VeY,o W Y.
Vo | 1| 3182 320.3 324.0 3276 | 1| 3175 319.6 323.1 3265 | 1 316.9 318.5 320.6 322.2
= Vi |l | 1415 12.83 10.94 9.51 1| 14.06 12.72 10.80 9.34 J 14.21 13.68 12.44 11.67
-2 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04
§ = V3 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76
a = Vs 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04 1.04
?| Vs 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76 73.76
g Vo | 1| 2020 20.33 20.54 2075 | 1| 2018 20.29 20.50 2070 | 1 20.12 20.23 20.35 20.44
K Vv, l 61.52 58.36 53.87 50.42 l 61.53 58.35 53.88 50.42 l 62.34 60.45 57.52 55.66
g < v, 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9
i R A 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9
Vy 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9 196.9
Vs 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9 147.9
TABLE IV: IMPACT OF CONDUCTOR LAYERS’ RESISTIVITY ON THE MODAL CHARACTERISTICS OF SCEIMR-HVDC CABLE BUNDLES
Parameter pc[Qm] ps [Qm] pq [QmM]
Value 1 0.5e-8 1.5e-8 2.2e-8 2e-7 1 10e-8 20e-8 27e-8 10e-7 | 1 | 50e-8 80e-9 18e-8 10e-7
Vo T 0.69 0.80 0.86 1.52 T 0.64 0.78 0.86 1.35 0.86 0.86 0.86 0.86
= Vy 60.15 60.15 60.15 60.15 1 58.95 59.71 60.15 62.88 f 36.65 43.97 60.15 110.9
E E vV, 341.9 341.9 341.9 3419 341.9 3419 341.9 3419 T 340.9 341.2 341.9 3449
§ 3' V3 21.59 21.59 21.59 51.59 21.59 21.59 21.59 21.59 f 17.00 18.35 21.59 34.27
:lgu Vy 13.89 13.89 13.89 13.89 13.89 13.89 13.89 13.89 13.89 13.89 13.89 13.89
E Vol 1 197.2 197.1 197.1 196.6 J 197.2 197.1 197.1 196.7 197.1 | 197.1 | 197.1 | 197.1
0 | = vV, 156.3 156.3 156.3 156.3 J 157.1 156.6 156.3 154.6 J 171.8 166.9 156.4 127.4
§ é v, 18.45 18.45 18.45 18.45 18.45 18.45 18.45 1845 | | | 18.46 | 18.46 | 18.45 | 18.43
2 V3 56.72 56.72 56.72 56.72 56.72 56.72 56.72 56.72 J 57.01 56.92 56.72 55.92
Vs 153.3 153.3 153.3 153.3 153.3 153.3 153.3 153.3 153.3 153.3 153.3 153.3
TABLE V: IMPACT OF LAYERS’ PERMEABILITY ON THE MODAL CHARACTERISTICS OF EIMR-HVDC CABLE BUNDLES
Parameter He [T Ha
Value 1 1 100 200 400 1 1 100 200 400 1 1 100 200 400
—_ Vo | T 1.03 412 5.52 7.48 1 1.03 7.04 9.72 13.42 1.03 1.03 1.03 1.03
E > Vy 7.47 7.47 7.47 7.47 1| 747 51.04 | 67.11 87.05 7.47 7.47 7.47 7.47
E ? = V, 182.8 182.8 182.8 182.78 182.8 182.8 182.8 182.7 1 178.2 180.4 181.4 182.8
z | V3 25.43 25.43 25.43 25.43 25.43 25.43 | 25.43 2543 | 1| 191 13.57 18.61 25.43
E Vol l 196.9 194.8 193.7 192.32 J 196.9 192.6 190.7 188.1 196.9 196.9 196.9 196.9
2} 3 < Vy 192.3 192.3 192.3 192.3 l| 1923 162.2 | 152.0 140.2 192.3 192.3 192.3 192.3
E = |V, 33.82 33.82 33.82 33.82 33.82 33.82 33.82 33.82 J| 3394 33.88 33.86 33.8
- A 179.6 | 179.6 | 179.6 179.6 179.6 | 179.6 | 1796 | 179.6 |} | 1963 | 187.9 | 1844 | 179.6

1 parameter increase in the row, | parameter decrease in the row, No parameter change in the row.

consequently the most challenging case for initial peak
) ] o ) detection. Fig. 11 (a-c) depict the modal fault current waves for
Faults V-VII investigate faults in different locations of the  ajtsin 1, 150, and 280 km from the right busbar. The detection

system. In this study, coaxial and sheath modes are used for  oq1ts are given in table VIII. According to Fig. 11(a), the
fault localization in a TCE-HVDC cable with the total length of arrival time must be about 1.6 s, for fault happening at 1 km

300 km. The armor material with the relative permeability 400  fom the right busbar. However, due to the sampling frequency,
is used for the model, to have the highest modal attenuation and

C. Impact of fault location
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Fig. 8. Single line diagram and the involved layers in the faults for different
cable bundles used in simulations (a): TCC-HVDC (b): TCE-HVDC (c):
SCEMR-HVDC.

TABLE VI: DEFINED FAULT CASES FOR MODAL FAULT LOCATION STUDY

Fault HVDC Cable Impact of Fault Fault Res. location
No. type bundle type [Q] [km]
| "Nl TCC-HVDC sampling P2pP 0.1 200
frequency
] Lcc™ SCEIMR- fault P2R2G 0.1 50
HVDC resistance
1] LCC SCEIMR- fault P2R2G 1 50
HVDC resistance
v LCC SCEIMR- fault P2R2G 100 50
HVDC resistance
\" VSC TCE-HVDC fault location P2pP 100 1
\"| VSsC TCE-HVDC fault location p2p 100 150
vil VSC TCE-HVDC fault location P2pP 100 280
IX VSsC TCE-HVDC grounding P2P2G 1 120

*SYMMETRIC MONOPOLE, **WITH METALLIC RETURN

TABLE VII: IMPACT OF SAMPLING FREQUENCY ON THE MODAL ARRIVAL TIME
IN TCC-HVDC CABLES

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TPWRD.2019.2942016, IEEE

TABLE VIII: IMPACT OF FAULT LOCATION ON THE MODAL ARRIVAL TIME IN
TCE-HVDC CABLES

Fault No. Modal time Determined Absolute
difference [ps] location [km] relative error
[%]
Vv 2 1.189 18.9
Vi 252 149.861 0.092
VI 470 279.503 0.17

Fault Sampling Modal time Determined Relative error
No. frequency difference [ms] location [km] [%]

| 1 MHz 2.715 199.944 -0.028

| 40 kHz 2.725 200.680 0.34

| 20 kHz 2.750 202.522 1.26

the detected time is 2 us, which gives the absolute relative error
of 18.9%. This high error value is not related to the modal fault
location principle and can be reduced using higher sampling
frequencies. This high error value does not exist in fault cases
VI, and VII, which are applied far from the measurement
location. However, the detection of initial arrival peak in the
modal fault current wave is challenging particularly for fault
VII, which is applied 280 km far from the measuring point and
close to the remote busbar. Again, in this case, using a robust
and accurate signal-processing technique can detect the initial
increase in the modal current wave with minimum additional
sample delays.

D. Impact of grounding scheme

In this section fault IX is applied to the TCE-HVDC cable to
study the impact of different grounding schemes on the
behavior of the modes and consequently the feasibility of the
modal fault localization principle. Three types of grounding
schemes are considered for TCE-HVDC cable. In the first case,
screen and armor are grounded only in two sides of the cable
with 0.1 Q resistance. In the second case, other than having the
same two-sided grounding, the armor is grounded every five
kilometers. This scheme is usually used in underground cables
to reduce overvoltage along the cable transmission. In the third

case, the same two-sided grounding is applied to the screen and
armor, while both of them are also grounded every five
kilometers, to simulate the HVDC submarine cable grounding
system. The distributed grounding impedance is higher than the
two-sided grounding and the value of 2 Q is considered for that.
The fault is applied to the middle of the cable, which has 400
km length. Fig. 12 (a-c) depict the modal fault currents for two-
sided bonding, distributed armor grounding, and distributed
screen and armor grounding, respectively. Comparing the peak
points of A, B, and C, there is a slight increase in the coaxial
peak current, while the comparison between the points D, E,
and F, shows a decrease in the peak current of the sheath mode
for the distributed screen and armor grounding case. According
to the figure, none of these differences makes an issue regarding
the detection of modal initial peaks. It means that the impact of
grounding schemes is not significant on the arrival of the modal
initial peaks and proposed method can be used for different
types of grounding schemes in HVDC cable bundles. It also
makes sense according to Fig. 13, which shows the flowing of
fault IX current into the ground for distributed grounding cases.
According to the figure, the ground current amplitudes are
significantly small (about 3 amps for both cases) compared to
the main fault current wave reaching at the measurement point
through the main conductors. This again proves that the impact
of distributed grounding will not be significant on the pole
values arrived at the measuring location, and consequently
determined modal values. It should be mentioned that, because
the connection of sheath and armor is only in discrete points,
none of the modes will be eliminated. Each section has all the
modes, and there will be a negligible change in the impedance
at the joint locations, which does not have a significant impact
on the modal behaviors and initial peak arrivals at the
measurement location. However, theoretically if they are
connected continually all over the cable (e.g. via a
semiconducting layer) they will have the same potential and one
of the modes will be eliminated.

V1. DISCUSSION

According to the results, the difference in the initial peak arrival
time of the propagation modes can potentially be used for
designing online fault location algorithms for HVDC cable
bundles. Impact of different parameters on the modal behaviors
is investigated in section IV and according to the results, the
modal fault location principle is proposed for fault location in
HVDC cable transmission. However, there are existing
challenges in using the modal analysis of HVDC cables, which
are pointed below and possible solutions are suggested for
further research:

A. Proper selection of the modes:

Different pairs of modes can be used for each HVDC cable
bundle to determine the transient location. The coaxial modes
are always chosen as the main and the first arrival mode. The
initial peak time of the second mode is compared to the coaxial
mode. The second mode can be sheath/intersheath mode,
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another coaxial mode, or theoretically it may even be
armor/interarmor mode in case of using a robust signal-
processing technique for accurate detection of the initial peaks.
In some cases particularly for sheath/intersheath modes, they
may arrive close to the first coaxial mode, which makes the
determination of the difference in the arrival time of the modes
a challenging task. In other cases mostly for armor/interarmor
modes, the determination of arrival time difference is more
achievable, because of the lower propagation speed in the
armor/interarmor than sheath/intersheath modes. However,
interarmor modal transients have small amplitudes, which
makes the detection of each modal initial peak challenging. It is
practically not possible to detect ground modes and they are not
proper for fault localization studies. According to the
aforementioned results, the selection of the second mode is a
trade-off between the detection challenges due to the minor
arrival time difference of the pair of modes, and small
amplitude of the second mode.

B. Obtaining the modal matrix:

In the lower frequency range (less than 100 kHz), the modal
speeds highly depend on the frequency used for speed
calculation in (18). In fact, the characteristic ramp of velocity
diagram in frequency domain may be a little different for
different modes in various bundle types. It is mainly because
the modes are decoupled after a certain frequency range for
each cable types. In this paper, the frequency of 1 MHz is used,
which guarantees the decoupling of modes for cable
energization due to the high frequency of the energization
transient. Looking at the modal velocities in the frequency
range of more than 100 kHz in table I, the change in the velocity
is not significant as frequency increases (Except cases like
return mode for SCEMR cable , which the complete decoupling
happens at frequency of 300 KHz. Additionally, in some other
modal parameters like the ground mode attenuation, a constant
increase is observed with an increase in the frequency.) This
means that using the same K; matrix with constant elements for
different high- frequency transients does not lead to a
significant amount of error. Accordingly, with a small
acceptable error, it may be possible to directly use the resulted
K; matrices for each HVDC bundle in the decoupling process,
without the need for applying the modal analysis in each
sample. Additionally, the eigenvector matrices are not unique
and multiple K,, and K; matrices can be used for the modal
analysis, resulting in the same decoupled modes. However,
according to the proposed extensive analysis regarding the
impact of different parameters like geometric, materialistic and
burying configurations, they do not have a significant impact
on the velocities in high frequency and the K; matrices.

C. Significant velocity difference between the selected modes:

One of the things that should be considered is that if the velocity
of the faster mode is more than three times bigger than the
smaller mode, it will reach to the measurement location two
times before the first arrival of the slower mode. It happens only
for TCC-HVDC bundle between coaxial and intersheath
modes. This reflection of the coaxial mode, may generate other
modes with very small amplitude, but it will not be significant
and will not have any impact on the detection for the first initial
peak for the slower mode. Additionally, for the case with
distributed grounding, intersheath modes with small amplitudes

may be injected in the grounding points, which again does not
have any impact on the detection of the modal initial peaks.

D. Impact of cable termination:

According to traveling waves theory, any change in the
impedance in the transmission section, leads to into reflections
and refractions. Accordingly, cable terminations will act as a
change in the impedance. In this study, standard PSCAD Cable
termination modeling method is used for the main conductors
at the end of each cable. Additionally, the sheath and armors are
grounded at the measurement location and the impact of their
grounding schemes investigated in this paper. According to the
results, when the first coaxial initial peak is detected, the
reflection of the initial coaxial peak arrival does not have a
noticeable impact on the detected initial peaks of the second and
the third decoupled modal arrivals. Moreover, based on the
impact of sheath/armor grounding in section V-D, and it is
observed with a change in the impedance and type of
grounding, the modal fault location method is feasible. Due to
page limitations in-depth study of the impact of different cable
terminations like outdoor terminations, GIS terminations, Dry-
type plugin terminations [23] is not possible, and it is suggested
to investigate in future research.

E. Feasibility of the method for multi-terminal schemes:

According to the aforementioned analysis and the explained
limitations, the proposed modal fault location principle is
potentially feasible for point-to-point HVDC links. As
mentioned, for multi-terminal schemes, indeterminate
generation of the modes in the joint locations exist due to the
change in the impedance, which may make the accurate
detection of modal initial peaks challenging. Even though, it
does not lead to a significant accuracy decrease and still a
considerable portion of the modal initial peaks travel the whole
transmission grid which are clearly detectable, extensive
analysis is needed for testing the feasibility of the method for
multi-terminal schemes. One possible solution for dealing with
this issue can be using a communication link between relays,
defining multiple zones for relays, which can act as backups for
the other zones leading to a selective fault location method. In
this method, the time delay between modal initial peaks can be
measured and compared with a predefined time setting for each
relay. If the proposed method is also used for fault detection,
one thing that should be cared is that the time difference
between the modal initial peaks should not be significant,
because after detecting the first initial peak, the fault detection
algorithm must wait to detect the second reflection. According
to fig. 11, this waiting time delay for a fault in 280 km from the
measurement location of a TCE-HVDC cable is 470 us, which
is a reasonable amount of delay for fault isolation in VSC-
HVDC grids compared to the safe time limit of a few
milliseconds used in literature works.

F. Impact of cable structure along the transmission section:

For the HVDC cables, which are buried underground along the
whole transmission link, the modal fault localization principle
can potentially give accurate results. Regarding the offshore
HVDC transmission, the majority of the submarine links, have
a short onshore land cable section at the end of the offshore
transmission cable. Considering that in most of the cases, the
onshore section is significantly short compared to the main
offshore cable, the modal fault location principle can potentially
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P L E— ’ : : . . . give accurate results with negligible error. If the land cable
section is long but the offshore and land cables do not have
significantly different parameters, according to the sensitivity
analysis given in tables I1-1V regarding the layer thickness and
material, the modal velocities do not significantly change with
a change in these parameters. It means that still a considerable
portion of the modal initial peaks arrive at the measurement
location and can be accurately detected. In HVDC submarine
transmission, in which different cables are used for deep and
shallow water sections if the cables have significantly different
parameters, the accuracy of the modal fault location may
decrease. However, If the deep and shallow water sections have
almost similar parameters like the Norned HVDC cable [24],
ok 1 the method may give satisfactory fault location results.

1 1o ! 1ot et 1o e 195 ' Additionally, for HVDC cable transmission with multiple
Fig. 13. Distributed ground currents in 20 ground points for TCE-HVDC cable ~ offshore and onshore sections in series like the Kontek HVYDC
(a) only armors grounded, (b) screen and armor connected together and then link [25], a noticeable decrease in the accuracy of modal fault

grounded. location may happen if only one set of measurement units are
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used in one side of the cable. In such cases, one possible
solution can be using multiple measurement sensors between
the cable sections to have the most accurate modal fault
location. Considering that using distributed sensors is
extensively studied in literature works [7], [26], using a limited
number of additional sensors can be reasonable to have the most
accurate modal fault location for such mixed HVDC cable
transmissions. In summary, if the modal characteristics
significantly change along the transmission section, will result
in noticeable decrease on the accuracy of the modal fault
location. It should be noted that the aforementioned discussions
are theoretical conclusions about the behavior of the modes
based on the simulation results given in this paper. Further
practical tests are needed to prove the accuracy of the method
and design practical modal fault location schemes.

VII. CONCLUSION

This paper studied the modal analysis of fault transients in
HVDC cable transmission. Different cable constructions with
multiple layers considered as HVDC cable bundles that exist in
current installations worldwide. The transformation process
from the loop impedance values to series matrix and then to the
decoupled modes based on the modal theory studied. Different
modes with the corresponding equivalent circuits presented for
each cable bundle. The frequency characteristic of modal
attenuation and speeds for different HVYDC cable bundles
studied and the impact of different parameters on the modal
behavior analyzed. A concept for fault localization in HYDC
cables based on the difference in arrival times of fault transients
due to the difference in the modal velocities introduced. The
proposed method uses one-sided measurement without needing
a communication link or any detection for the second TW
reflections. Multiple faults applied to CIGRE HVDC models
and the impact of different parameters analyzed. It has been
resulted that different cable parameters, dimensions, and burial
configurations, do not have a significant impact on the resulted
modal matrices and consequently further modal fault
localization algorithm. The proposed technique accurately
works for high impedance faults and for long distance faults.
The modal fault location principle can be obtained using lower
sampling frequencies with an acceptable error value. Different
grounding schemes may have a slight impact on the detection
of the modal initial peaks and inject small intersheath modal
transients, but this impact is not significant on the feasibility of
the fault localization algorithm. The proposed study can be used
as reference work for designing protection algorithms for
HVDC transmission systems using Al-based techniques or
signal processing methods. Accordingly, further works consist
of implementing the online fault localization algorithm based
on the proposed modal principle, using robust signal processing
techniques for designing the fault location algorithms, and
studying the impact of errors due to sensor measurement.
Impact of distortion in the accuracy of the further designed
modal online fault locators should be analyzed. The challenges
pointed in the discussion section must be analysed for the final
designed modal protection schemes. The proposed analysis
may also be extended to multi-terminal VSC-HVDC grids for
both selective fault detection and fault localization, which have
more complicated fault scenarios and the modal behaviors will
be more complex. Accordingly, testing and analyzing the modal
online fault localization algorithm with several fault events
having different impedances, types, and locations may also

prove the accuracy of the method for multi-terminal HVDC
connections.
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