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Abstract: The application of cross-linked polyethylene (XLPE) cables to voltage sourced converter
(VSC)-based high voltage direct current (HVDC) systems has already been technically verified and
has become common, and thermoplastic (TP) is attracting attention as an insulation material for
next-generation cables due to the recent development of material-related technologies. However,
studies related to TP cables are mainly focused on improving material properties, and studies related
to cable systems are insufficient. In this paper, XLPE and TP cables were designed for application to
VSC-based HVDC systems, and major characteristics such as electric field distribution and thermal
stability were compared and analyzed through overvoltage simulation. The insulation design method
of HVDC cable was presented, and the design was performed using XLPE and TP insulation materials.
The temperature and electric field profiles of the cables were also analyzed through a finite element
method simulation. To analyze the performance of the designed cable, it was simulated with the
PSCAD/EMTDC program. Based on the simulation results, the major characteristics of XLPE and
TP cables were compared and analyzed. Results showed that in the case of TP cables, insulation
properties were excellent, but thermal conductivity was relatively low; therefore, countermeasures
are needed.

Keywords: HVDC cable design; HVDC cable electric field distribution; HVDC cable FEM simulation;
HVDC cable insulation design; HVDC cable recommended test; overvoltage of HVDC cable

1. Introduction

Compared with the conventional line-commutated converter (LCC) based high voltage
direct current (HVDC) system, the voltage sourced converter (VSC) based HVDC system
has many technical and economic advantages, such as the converter station’s footprint,
operational flexibility, and independent control of active and reactive power [1-4]. In
particular, it has a large advantage over competing technologies in renewable energy and
cross-border power grid connection projects, due to technological advantages such as
black start and switching of power direction without voltage reversal [5-7]. The VSC-
based HVDC system overcomes the high voltage limit with the introduction of modular
multi-level converter (MMC) technology and reduces harmonics and conversion losses
occurring in the switching stage [8]. Since the first commercialization of the MMC-HVDC
system through the Trans Bay Cable project in 2010, the MMC-HVDC system has secured
a significant share in the HVDC market, which is ongoing [9,10]. This trend has caused
changes not only in HVDC converters but also in the cable market. HVDC systems based on
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VSC (including MMC) have boosted the introduction of DC cables with extruded insulation,
since VSC technology enables the reversal of power flow direction without inversion of
voltage polarity [11].

A variety of HVDC cable technologies have been developed over the past few decades
and are operating successfully. Most HVDC cables installed to date are based on paper/oil
or mass-impregnated insulation systems, but due to manufacturing complexity and low
operating temperature limitations, interest is shifting towards polymeric insulation-based

This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Energies 2023, 16, 167. https:/ /doi.org/10.3390/en16010167 https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en16010167
https://doi.org/10.3390/en16010167
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-2719-4031
https://orcid.org/0000-0003-4004-5986
https://doi.org/10.3390/en16010167
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16010167?type=check_update&version=1

Energies 2023, 16, 167

20f17

cables [12,13]. Early in the process of introducing VSC-HVDC, extruded polymer insulation
(cross-linked polyethylene: XLPE) cable was also introduced. For extruded cables, the
rated power and voltage gradually increased from the 80 kV class. However, in recent
years, companies such as ABB and NKT have competitively announced the development of
HVDC XLPE cable technology and commercialized it in various projects [14,15]. Currently,
XLPE cables of over 600 kV are being produced. As XLPE technology rises to a stable
commercial level, research on HVDC extruded cables is moving on to next-generation cables
that will go beyond the technical limits of XLPE. Thermoplastic (TP) is the most studied
material for the next-generation insulator of HVDC cables. Compared with conventional
XLPE insulators, TP insulator does not generate crosslinking byproducts and have excellent
electrical and mechanical properties due to the high breaking strength, flexibility, and
temperature resistance of the insulator [16-19]. In addition, since the TP insulator can
be recycled after its lifespan, it is economically and environmentally superior [20]. For
this reason, various cable developers are developing TP cables, but only Prysmian has
succeeded in commercializing them [21].

Cables with TP insulation are not the only advantages over XLPE. The TP insulator has
lower thermal conductivity compared to XLPE, so even if the same current flows through
the conductor, the thermal emissivity to the surroundings is lower than XLPE, and the
internal temperature increases higher [22]. Therefore, the temperature difference between
the inside and outside of the insulator increases, which affects the conductor resistance
increase and electric field distribution. Insulator thickness selection in consideration of
electric field distribution due to insulator temperature difference is one of the key factors in
insulator design [23]. For this reason, research on TP insulators is focused on improving the
material performance of insulators or on the CIGRE recommended test. Extruded HVDC
cables generally must be evaluated against the various test items presented in CIGRE
TB-852 before being sold on the market [24,25]. In many studies related to TP cables, the
focus of electric field analysis is limited to electric field distribution through simulation or to
achieving the recommended test parameters of CIGRE TB-852. However, when introducing
a new system, it is necessary to anticipate possible problems through various analyses in
addition to using existing evaluation methods.

Regarding XLPE cables for HVDC, various analyses have already been performed in
connection with these studies. Ref. [26] conducted a study on the electrical behavior of
XLPE used for HVDC cable insulation. Ref. [23] analyzed the thermal instability of XLPE
cables based on CIGRE TB-496 (pre-revised version of TB-852) [27]. Ref. [28] performed
a lifespan analysis based on the overvoltage phenomenon that occurred in XLPE cables.
Ref. [29] analyzed the characteristics of overvoltage in relation to cable constants in HVDC
systems to which XLPE cables are applied. On the other hand, research on TP cables
remains in the pre-application stage for HVDC systems. Most of the research is conducted
with the aim of improving and analyzing the properties of insulators [30-32]. Even for the
TP cables independently developed by the leading group, Prysmian, only a review of the
recommended test evaluation was performed [21]. In order to replace XLPE cables with TP
cables, more research needs to be done on various aspects of the cables. In particular, as
with XLPE, the TP cable’s field strength, temperature, and allowable ampacity analyses
must be performed, not only for the tests recommended by CIGRE-852 but also for the
transient operating environments such as overvoltages.

In this paper, XLPE and TP cables used in the MMC-HVDC system were modeled,
and the characteristics under various voltage conditions were compared and analyzed. The
direction of improvement of the HVDC power cable based on TP insulation was discussed
based on the comparative analysis results. A method for designing and verifying cable
insulation was presented. A case study was conducted by applying XLPE and TP insulators
according to the studied method. For the case study, a £250 kV, 1 kA/pole, 100 km
symmetrical monopole MMC HVDC system using only underground cables was selected
as the target. The general properties of XLPE and TP insulation materials were investigated
to design cables suitable for the target system. Cable design was performed based on the
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investigated insulation materials. The designed cables were analyzed for temperature
and electric field distribution through finite element method (FEM) simulations utilizing
COMSOL Multiphysics. In addition, by applying the designed cable, the overvoltage that
can be experienced in the MMC-HVDC was analyzed through PSCAD/EMTDC simulation
and the electric field was calculated during the transient state.

As a result, in the proposed system, the TP cable can maintain the required insulation
performance with a thinner insulation thickness based on higher insulation performance
than XLPE. With these advantages, it is economical, and it is possible to manufacture stable
cables against transient overvoltage. In addition, it was confirmed that despite the higher
thermal resistance, the maximum allowable temperature was high, so that a larger current
could flow. However, since the low thermal conductivity of TP insulator shows a large
difference in electric field distribution as the insulator radius increases, improving the
thermal conductivity of TP cable is a problem to be solved first for commercialization. It is
certain that these research results can be used as basic data for performance evaluation and
design process improvement of TP cables for HVDC in the future.

2. Design of Extruded Cables for HVDC System Power Transmission
2.1. Extruded HVDC Cable Insulation and Design Methods

XLPE material is widely used as an insulation material for HVDC cables. However,
the operating temperature of HVDC cable with XLPE insulation material is limited to
70 °C, making it difficult to increase the capacity of the transmission system [26]. The XLPE
has a complicated manufacturing process, a high likelihood of defects due to crosslinking
by-products generated during the manufacturing process, and it is vulnerable to partial
discharge. In addition, it can easily induce space charge accumulation under high DC
electric field stress, which can shorten cable life [25]. From an environmental point of view,
XLPE is a thermosetting polymer, so it cannot be recycled, and it causes environmental
problems and economic costs in the disposal process [33]. In order to overcome the
disadvantages of XLPE, research on alternative TP polymers continues. Among the TP
materials, the most representative material is polypropylene (PP). PP is expected to be an
insulating material for next-generation HVDC cables because it has characteristics such
as excellent insulation performance, high operating temperature, chemical resistance, and
recyclability [16-20].

In this paper, in order to compare and analyze the characteristics of cables using XLPE
and PP materials, the design was performed using pure XLPE and PP materials, and the
characteristics were confirmed under load cycle tests and overvoltage stress. Insulator
design only considers the thermal and electrical properties of the insulator. Mechanical
properties such as stiffness and bending stress and chemical properties are not covered.
Figure 1 shows the design and verification processes for the HVDC cable insulation per-
formed in this paper.

First, the voltage, capacity, and usage environment of the target HVDC system should
be reviewed. The cross-sectional area of the conductor appropriate for the design goal is
selected (actually, the current capacity according to the temperature of the insulator should
be designed as in ref. [34], but since this paper only deals with the insulator design, it
is replaced by the nominal cross-section). The most important factor in cable insulation
design is to establish the design electrical stress of insulation E(d). The cable insulation
must be designed so that its most stressed point can withstand an E(d) for a design life.
When setting E(d), factors such as degradation of insulation performance must also be
considered, so an electrical-statistical approach should be used [35,36]. E(d) can be obtained
through Equations (1)—(5). It starts by setting the DC withstand voltage Upc, which can be
expressed according to the traditional method as [11]:

Upc = Up-K1-K3-K3 1)

where,
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Up = HVDC rated voltage (pole-to-ground voltage)
K7 = deterioration coefficient of insulator
Ky = temperature coefficient of insulator
K3 = safety factor for uncertainties
design life of a power cable 1/n
=z . @)
time duration of DC test voltage

where, 1 is the life exponent (10 < n).

Define the target HVDC system 1

Define design target such as voltage, capacity,
operating environment, etc.

Electric field analysis through FEM simulation
Under Up and load cycle type test conditions

Design the cross-sectional area of the conductor
Consider factors such as Ampacity, loss, margin, etc.

E(r*) <E(d)
r* = point of max. electric field stress

Calculate the design DC withstand voltage (Upc) |

!

Analysis of DC breakdown strength of insulation l Transient overvoltage analysis using PSCAD/EMTDC
Correct the DC field strength by considering the T

cable length, insulation thickness, etc.
. . o
Set target failure probability (<1%) Electric field calculation under
Establish the ‘design electrical stress of insulation (E(d))’ overvoltage conditions

Set insulation thickness

- Consider capacitive electric field conditions. [+
- Select a nominal thickness (T, ).

E(r*) <E(d)
= point of max. electric field stress

No : thickness
adjustment

Calculate electric field 'E(r)' under Upo(@T 0,
E(r*) <E(d)

Figure 1. Design and verification processes for an HVDC cable insulation.

According to Equation (1), Upc represents the withstand voltage considering insulator
performance degradation during its lifetime. In general, the withstand level of an insulator
is based on the higher Upc or the maximum impulse withstand level. However, in this
paper, since the maximum impulse withstand level is reviewed through simulation in a
later step, the withstand level is set based on Upc in the current step.

The next step is to confirm electrical properties such as DC breakdown strength and
space charge stress modification of the insulation material. DC breakdown strength is
expressed through a two-parameter Weibull distribution, and the probability of breakdown
(P) in the electric field (E) is as shown in Equation (3).

B
P=1—exp —(50) 3)

where, Ej is a scale parameter corresponding to a failure probability of 63.2%, and £ is a
shape parameter. The DC breakdown strength obtained from specimens or mini-cables is
corrected for thickness and length through Equations (4) and (5).

Ey
E; = N1/B 4
E=— ©)

()"

where, E; is a scale parameter that corrects the thickness, E; is a scale parameter that corrects
the length from E;, N is the thickness ratio of the actual insulation to the specimen, and
I; and I, are the lengths of the test cable (mini-cable) and actual cable, respectively. In
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general, the probability of failure due to DC breakdown strength is set to 1% or less. Finally,
considering the modification margin of the electric field caused by the space charge at the
breakdown strength corresponding to the set probability, E(d) can be obtained. The next
step is to calculate the minimum insulation thickness T,,;,; it is calculated based on the
cable’s capacitive electric field distribution and is obtained through Equation (6).

o 25)

where, r; is the inner radius of the insulator. If a nominal insulation thickness (T},;,) equal to
or greater than the minimum insulation thickness is selected, the electric field distribution
E(r) is analyzed based on the capacitive field strength.

_Upc
E(r) = rin(ro /1) 7)

where, 7, is the outer radius of the insulator and 7 is the point between r; and r,. When r* is
the most stressed point (r* € r), E(r*) < E(d) must be satisfied. Otherwise, the insulation
thickness must be properly adjusted.

The next step is to examine the insulation design by considering the electric field
distribution due to the electrical conductivity of the cable insulation under DC stress. As
will be discussed in detail in Section 2.2, HVDC electric field distribution is affected by
electrical conductivity, unlike AC, so the electric field distribution changes from capacitive
to resistive, and the electric field distribution can be reversed. Accordingly, it is necessary to
check the electric field distribution considering the change in electrical conductivity of the
cable insulation. At this time, E(r*) < E(d) must be satisfied in Upc and load cycle type
tests. The final step is to satisfy E(r*) < E(d) under the overvoltage conditions experienced
when applied to the target HVDC system.

In order to compare and analyze the characteristics of cables with XLPE and PP
insulators, a case study was conducted on cables for MMC-HVDC systems with a rated
voltage of 250 kV. It is assumed that the target HVDC system does not perform voltage
reversal in operation. The properties of the insulator can be affected by factors such as
the manufacturing process, thermal treatment, and additives. For this reason, in order to
obtain reproducible general results, the insulation design was performed using pure XLPE
and pure isotactic PP materials in this study. Cable insulation materials were investigated
through various references, and materials close to the average were selected, excluding
samples with extreme performance [37-52]. The parameters used for the insulation design
are presented in Table 1. The Weibull distribution of the calibrated cable DC breakdown
strength is shown in Figure 2.

Table 1. Insulation design parameters for £250 kV HVDC cables.

Symbols XLPE PP Symbols XLPE PP
Uy (kV) 250 250 P (%) 1 1
Upc (kV) 599 599 Operating Temp. (°C) 70 70
Kq 2.18 2.18 N 132 175
Design life (year) 40 40 E; (kV/mm) 178.6 169.3
Time duration of
DC test voltage (h) 3 3 E; (kV/mm) 73.7 92.4
Kz 1 1 11 (m) 1 1
K3 1.1 1.1 I (m) 100,000 100,000
n 15 15 T pin () 245 13.16
r; (mm) 16.4 16.4 Thorm (mm) 25 14
7o (mm) 414 30.4 Space charge 30 15
Ep (kV/mm) 260 2222 modification (%)

B 13 19 E(d) (kV/mm) 40 63
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Figure 2. Weibull probability vs. DC breakdown field of the calibrated cables.

2.2. The Electric Field Characteristics of an HVDC Cable Insulation

Under AC stress, the electric field distribution within the cable insulation is determined
by the permittivity of the insulation, and the variability is less than 1%, as it is not greatly
affected by the surrounding environment such as operating conditions or temperature [35].
However, under DC stress, the electric field distribution within the cable insulation is
affected by the conductivity as well as the permittivity of the insulation. Conductivity
is greatly affected by temperature and field strength [53]. Since the conductivity of an
insulator generally increases exponentially as the temperature increases, the conductivity
value inside the insulator changes as shown in Equation (8) according to the temperature
difference between the inside and the outside during cable operation.

o(T,E) = opexpla(T — Ty) + b(E — Ep)] (8)

where a and b are the temperature coefficient and electric field coefficient, respectively,
related to the conductivity of the insulator.

Due to this change in conductivity, the conductivity of the conductor side, which has a
relatively high temperature during cable operation, has a significantly higher value than
the sheath side conductivity. As a result, an electric field reversal phenomenon in which the
electric field strength at the conductor side is lower than the likely electric field strength at
the sheath side. These differences must be considered in order to analyze the electric field
distribution of a DC cable. Assuming that the HVDC cable insulation is homogeneous, the
steady-state DC field Epc(r) can be obtained from the following equations, including the
effects of temperature and field dependence [11,54,55]:

(SZ,IO(r/ro)‘S_1

Epc(r) = - {1 B (ri/ro)é] )
b b
o= [lnfrf/Tm * <rou—D fo] / [l mu—D f»] (10

where,  is the field reversal coefficient and AT is the temperature drop across the insulation
thickness. ¢ increases with cable current, and if § > 1, an electric field reversal occurs in
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the insulation wall of the HVDC cable when the load increases. The highest electric field is
found in the inner insulator when § < 1 and in the outer insulator when § > 1.

As mentioned, Equation (9) is a relational expression representing the electric field
distribution for the steady state of the cable. In order to analyze the electric field distribution
inside the insulator of a DC cable in a transient state such as a fault, it is necessary to
understand the target of application of the above formulas. This understanding starts with
the dielectric time constant 1. For the dielectric time constant T is commonly used for DC
extruded cables, and 10 7 is a value considering sufficient stability. 10 T depends on the
temperature, but even if a conservative value is applied at a temperature of 90 °C, it has a
value of more than 200 s [24]. The overvoltage phenomenon to be considered in this paper
is a short time overvoltage phenomenon of less than 100 ms. The instantaneous voltage
change occurring at this time can be assumed as a situation in which a change value is
added in a steady state without disturbing the electric field in the existing electric field
distribution. Therefore, the electric field appearing in the transient state can be expressed
as Equation (11).

Etmnsient(rf t) = Epc (1’) + Eac (rr t) (11)
Eac(r,t) = W (12)

where U(t) is the magnitude of the voltage over time in the transient state.

2.3. Cable Modeling for FEM Simulation

For performance comparison between cables, HVDC cables using XLPE and PP insula-
tors were designed according to the design process described in Section 2.1. Nominal values
were applied in the same way for all other configurations except for the cable insulation.
The shape of the cable is presented in Figure 3, and the structural dimensions of each layer
of the cable are shown in Table 2.

Conductor
Conductor screen
Insulation
Insulation screen
Water tape
Sheath

Serving

Figure 3. Structure of the extruded cable.

Table 2. Structural dimensions according to cable insulation materials.

Items Materials XLPE Cable PP Cable
Radius of the conductor (mm) Copper 14.9 14.9
Thickness of the conductor screen (mm) Sem 1.5 1.5

i-conducting PE

Thickness of the insulation (mm) XLPE or PP 25 14
Thickness of the insulation screen (mm) Semi-conducting PE 1.5 1.5
Thickness of the water tape (mm) PVC (Poly vinyl chloride) 1.5 1.5

Thickness of the sheath (mm) Aluminum 3 3
Thickness of the serving (mm) PVC 45 45
Total radius of the cable (mm) - 51.9 409
Burial depth (mm) Soil 1.5 1.5

Distance between each pole (mm)

300 300
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The material properties of the cables used in the FEM simulation are shown in Table 3,
and some data values in Table 3 change with temperature.

Table 3. Material properties of the cables applied in FEM simulation (@ Room temperature).

Specific Heat Density Thermal Relative Electrical
Materials Capacity [kg/m®] Conductivity Permittivity Conductivity
[J/kg-K] [W/m-K] & [S/m]
Copper 383 8938 402 1 5.95 x 107
Semi-conducting PE 2405 1055 0.286 225 0.002
XLPE 2302 930 0.328 2.5 1)*
PP 1900 900 0.224 22 2)*
Aluminum 897 2699 237 1 3.65 x 107
PVC 1080 1574 0.15 - -
Soil 800 1515 1.3 - -

1) * The electrical conductivity of XLPE is calculated by Equation (8): 0p =3 x 10716 [S/m], a = 0.084, b = 0.0645
[Refer to Figure 4a]. 2) * Refer to Figure 4b.

—

S
>
T

\<

._
<
T

—
(=]
[}
T
L
(=]
(5
T

DC volume conductivity ¢ [1072 S/m]
DC volume conductivity o [1072 S/m]

10° ¢ 5 10° E ]
Temperature Temperature
10% £ —=—25°C | 3 107 ¢ —=—25°C | 3
—e—50°C | ] —e—50°C
105 L —A—70°C | ] 105 L —4—70°C | ]
] —v—90°C
1 I 1 1 1 I I I B E 1 1 I 1 I 1 1 1
0 10 20 30 40 50 60 70 80 90 0 10 20 30 40 50 60 70 80 90
Electric field [kV/mm] Electric field [kV/mm]
(a) (b)
L T T T T T T T T
0.40 -—=— XLPE ]
£ 038 - —e—PP ]
£036} 1
Z034f .
2032+ i
B r
5 030 T
S 028
2028 .
g L
2026 8
= L
8024 .
2o022f ]
= L
020 C n 1 L 1 L 1 L 1 " 1 L 1 L 1 L 1 L 1 L ]

10 20 30 40 50 60 70 80 90 100 110
Temperature [°C]

(0)

Figure 4. (a) DC volume conductivity of XLPE material; (b) DC volume conductivity of PP material;
(c) Thermal conductivity of insulation versus temperature.

When analyzing electric field distribution of cable insulation under DC stress, the elec-
trical conductivity is one of the most critical parameters. As can be seen from Equation (8),
the conductivity is a value that changes depending on the temperature and the strength of
the electric field. In the case of XLPE, whose characteristics have already been analyzed
a lot, universal model parameters are provided for Equation (8). Figure 4a shows the
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conductivity of the XLPE insulation calculated through Equation (8) (see footnote in Table 3
for details). However, in the case of PP, there is no universal model for Equation (8) yet.
Therefore, the conductivity of PP is calculated using an interpolation function based on
the measured data used in the design, and the data used is shown in Figure 4b. Figure 4b
shows the DC volume conductivity data measured while gradually increasing the electric
field under four temperature conditions.

Thermal conductivity is also a parameter that has a major influence on the results.
Compared to XLPE, PP has a lower thermal conductivity, and the thermal conductivity
increases with increasing temperature for XLPE, while the thermal conductivity decreases
for PP. In order to accurately reflect this, the change according to temperature was applied
as shown in Figure 4c.

3. Cable Design Verification and Electric Field Analysis
3.1. Electric Field Analysis of Cable Insulations under Various Conditions

The cable modeled in Section 2.3 was analyzed through FEM simulation. FEM simula-
tions were performed using COMSOL Multiphysics [56]. The cable model was analyzed
for the following cases.

(a) Temperature profile of cable insulation;

(b)  Electric field distribution under rated and load cycle type test (LCTT) voltage conditions;
(c) Electric field distribution at Up¢ voltage;

(d) Electric field distribution under transient overvoltage conditions.

Regarding the temperature profile analyzed in case (a), the room temperature (25 °C)
condition before heating is called the cold cable, and the operating temperature (70 °C)
condition is called the hot cable. Cases (b)~(c) are analyzed under the cold cable and hot
cable conditions, respectively.

(a) Temperature profile of cable insulation

The temperature distribution within the cable is analyzed by applying a 24-h load
cycle according to CIGRE TB-496 [27]. The 24-h load cycle is broken down into three phases:

(1) 0-6 h: Heating the conductor from room temperature to the rated conductor tempera-
ture through the Joule heat of the conductor;

(2) 6-8 h: Maintaining the temperature above rated operating temperature;

(3) 8-24 h: Reducing the temperature back to room temperature through natural cooling.

The temperature profile of cable insulation during LCTT is shown in Figure 5a. Arc
length in the figure represents the distance from the inside of the insulator to the outside
(i.e., from the conductor screen surface to the insulator screen surface).

Based on 8 h, the temperature difference between the inside and outside of the cable
insulation is 22.4 °C and 20.6 °C, and despite the high thermal resistance of the PP cable, the
temperature difference between the inside and outside of the insulator is smaller because of
its thinness. However, it shows a larger temperature difference based on the same distance
from the center. Figure 5b shows the temperature distribution at the LCTT and when
sufficient time is maintained until the temperature distribution is stabilized at the operating
temperature. Afterwards, the hot cable (full load) condition stands for the stabilized state
of the cable temperature distribution.

(b~c) Electric field distribution under various test voltages

Electric field distribution was analyzed for the rated voltage (Uj), LCTT voltage
(1.85Up), and DC withstand voltage Upc. Analysis was performed for no load (the cold
cable) and full load (the hot cable). The electric field distributions under the test voltages
are shown in Figure 6.
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Figure 5. (a) Cable insulation temperature profile during LCTT (Line: XLPE, Dot: PP); (b) Cable
insulation temperature profile (Line: XLPE, Dot: PP).

No load (Uy) No load (1.85U) No load (Upe) 60
— — -Fullload (U,) - — -Full load (1.85 Uy) — - -Full load (Up )]

No load (Uy) No load (1.85U) No load (Upe)
— — -Fullload (U,) — — -Full load (1.85 Uy — — -Full load (Up

55

4
wn O
| I Y I s i

=
[=]

3
(=]

Electric field [kV/mm]
2

Electric field [kV/mm]

[§e]
(=}

)
N
rrrrrrrrrrr-rr -1 T T

—
N

—
(=]

N
T
1

0 5 10 15 20 0 2 Bl 6 8 10 12
Arc length [mm] Arc length [mm]

(a) (b)

Figure 6. Electric field profile of the cable insulation under various voltage conditions (a) XLPE cable;
(b) PP cable.

As a result of the simulation, it was confirmed that the electric field reversal phe-
nomenon appeared in both cables. However, it was confirmed that the design electrical
stress of insulation E(d) was not exceeded even under the highest Up¢ condition, and the
internal electric field of the cold cable under no load increased as the voltage level increased.
The simulation results are summarized as shown in Table 4.

The possibility of increasing the capacity of PP cable for the same conductor cross-
sectional area was analyzed by FEM simulation. Insulation temperature measurement for
the current was performed after temperature stabilization across the cable. The temperature
variations in Figure 7 are the values measured at the innermost part of the insulator
(maximum temperature point).
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Temperature [°C]

Table 4. Comparative analysis of cable insulations.

Descriptions XLPE PP

Insulation thickness [mm] 25 14

AT between r; and r, [°C] 18.2 17

Average temperature difference [°C/mm] 0.73 1.21
Insulation loss (at full load, Uy) [mW /m] 0.287 0.207
Current at operating temperature (70 °C) [A] 1265 1215
Electric field difference between r; and r, 45 95

(at full load, Up) [kV/mm]
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Figure 7. (a) Maximum temperatures of the XLPE and PP cable insulations with increasing currents;

(b) electric field profiles of the PP cable by current variations (under Upc).

In general, the operating temperature of XLPE is 70 °C, and in the case of PP insu-
lator, there is no experience in DC systems yet, but it is known to be 90 °C. At the same
temperature, an XLPE cable with higher thermal conductivity can carry a higher current.
However, it can be seen that the ampacity increases by about 100 A (8%) in the conductor
of the same cross-sectional area (630 mm?), to 1296 A for XLPE and 1408 A for PP cable at
the maximum operating temperature condition, respectively. The current limit due to the
electric field was also reviewed, and it was confirmed that E(r*) < E(d) was satisfied at

1400 A.

3.2. Overvoltage Analysis of Cables Applied to HVDC Systems

The analysis of threatening overvoltages in cables of MMC-HVDC systems has been
investigated in various papers and cases [24,57-61]. Even if the overvoltage of a cable
has the same cause, the magnitude of the maximum overvoltage may vary depending on
the configuration of the system. These differences can be overcome within the protection
margins of the system but can sometimes cause damage to the system.

Among the various overvoltage phenomena that cables can experience in a cable-
only transmission system, the most threatening overvoltage is the voltage superposition
experienced by the connected electrode when a fault occurs in the DC line. In this paper, the
overvoltage was analyzed in the HVDC system to which the designed cable was applied.

An MMC-HVDC system was modeled to analyze the overvoltages. The target sys-
tem is MMC-HVDC with symmetrical monopolar topology, and the rated voltage and
current are selected as +250 kV and 1 kA /pole, respectively. The schematic diagram
of the target system and the basic parameters of the system are shown in Figure 8 and

Table 5, respectively.
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+250 kV MMC-HVDC, 1 kA, 500 MW Symmetrical monopolar

Arm reactor

AC HB-Submodules AC

source

l+—|

source g Transformer
@‘I—@—‘ Grounding interval : 5 km { Al
- Transmission cable -
Figure 8. Schematic diagram of the MMC-HVDC system.
Table 5. Specifications of the MMC-HVDC system.
Descriptions Values
Rated power 500 MW
Nominal DC voltage (pole-to-ground) +250 kV
Nominal AC voltages (AC grid/Valve side) 154 kV /250 kV
AC short circuit ratio 10
AC system frequency 60 Hz
Number of submodules per arm 250
Average submodule voltage 2kV
Capacitance of each submodule capacitor 6.5 mF
Protection level surge arrestor 1.8 p.u

The overall modeling of the MMC-HVDC system was performed by referring to the
CIGRE working group’s “Guide for the Development of Models for HVDC Converters in
an HVDC Grid” [62]. Both ends of the converter and cable are protected by surge arresters.
A reactor installed on the converter arm is placed between the converter and the cable.
As a control strategy, MMC 1 is driven through active/reactive power control, and MMC
2 is driven through DC voltage/reactive power control. The submodule was selected in
the half-bridge method and implemented as an equivalent model corresponding to the
type model 4 classified in Ref. [62]. The transmission distance is 100 km, and a frequency-
dependent model is applied. Both ends of the cables are grounded with 10 (2, and the cable
sheath is grounded with a ground resistance of 0.1 () every 5 km. Cables were modeled
using the parameters in Tables 2 and 3.

Through simulation using PSCAD/EMTDC [63], the transient overvoltage was ana-
lyzed for the voltage change of the opposite healthy electrode in the event of a single pole-
to-ground fault, and the analysis results are shown in Figure 9.

T
Max.= 532 kV —— XLPE cable
500 - Max =506 kV

———PP cable

5 10 15 20 25 30 35 40
Time [ms]

Figure 9. Overvoltage simulation results according to cable insulation.

As a result of the simulation, the overvoltages experienced by the XLPE and PP
cables show similar waveforms, but there are differences in the maximum overvoltage and
vibration damping. In the case of applying the XLPE cable under the same conditions,
the maximum overvoltage is 532 kV, and the PP cable is 506 kV, showing a difference of
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0.1 p.u. based on the rated voltage. This is caused by the difference in capacitance due
to the thickness and permittivity of the insulator, and the capacitance is calculated by
Equation (13) [29].

Ceapie = 1000 x 271 X eoe,/ In(r /1) (13)

where, ¢( is the permittivity of the air. The capacitance values of XLPE and PP are about
0.150 and 0.198 puF/km, respectively.

3.3. Electric Field Distribution in Cable Insulation under Transient Overvoltage Conditions

Figure 10 shows the electric field of the cable under transient overvoltage conditions
calculated by Equation (11). XLPE and PP cables were simulated applying transient
overvoltages analyzed in Figure 9 at the rated voltages for the hot and cold cables.

40 T T T 30 T T T : T
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35 | —25% iusulat%ou thickness I —— 25% insulation thickness|
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Figure 10. Electric field distribution in cable insulation under transient overvoltage conditions
(a) XLPE cold cable; (b) XLPE hot cable; (c) PP cold cable; (d) PP hot cable.

Regardless of the type of insulation, higher fields were recorded in the cold cable
condition, and the maximum field stress occurred in the inner insulation. In the cold cables,
the electric field is prominent in the inner insulation because the electric field distribution is
capacitive even before the transient state. In the case of XLPE under the hot cable condition,
the electric field distribution is reversed as a transient voltage with a capacitive distribution
is applied in the transient overvoltage condition. In the case of the PP cable, the maximum
and minimum difference of the DC electric field in the normal state is about 25 kV/mm,
which is a relatively large difference, thus the electric field is not reversed in the transient
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state. Since both types of cables satisfy E(r*) < E(d), it can be said that a stable design has
been achieved.

4. Conclusions

In this paper, extruded cables for HVDC using XLPE and TP materials were designed,
and their characteristics were compared and analyzed. Among various TP materials, PP
material, which is in the limelight as a next-generation insulation material, was selected.
The cable installation system is an MMC-HVDC with a symmetrical monopolar topology
and the rated voltage and current are selected as 250 kV and 1 kA /pole, respectively. In
order to increase the universal applicability of the research results, various cases of material
properties were investigated at the design stage, and the XLPE and PP materials with
typical performance were selected. As is well known, the PP insulation has better insulation
performance than the XLPE, but its thermal conductivity is low. For designed cables, the PP
insulation is as thin as 11 mm compared to the XLPE. The reduction in thickness leads to a
reduction in the amount of insulation used as well as the cross-sectional area of the entire
cable, which is economically advantageous in all processes of manufacturing, installation,
and disposal. In addition, the PP has higher basic conductivity than the XLPE and no
cross-linking by-products, which can reduce the electric field margin due to space charge.
An increase in current capacity was also explored. At the same temperature, the ampacity
of the PP is lower than that of the XLPE. However, current capacity can be increased by
increasing the operating temperature in consideration of the usable temperature of the PP.

On the other hand, the thinner the insulator, the higher the field stress per unit
length. The thermal conductivity of PP material varies with temperature but is about
2/3 that of the XLPE. Because of this low thermal conductivity, the AT between r; and
1o is 17 °C, which is only 1.2 °C difference compared to the XLPE, despite its thinness.
The temperature difference per unit length is 1.21 °C/mm, which is 1.65 times that of the
XLPE. This temperature distribution greatly affects the conductivity and intensifies the
imbalance of the electric field. An imbalance of electric fields can cause local aging. For
overvoltages that can occur when cables are applied in HVDC systems, the maximum
value of overvoltage decreases as the cable insulation becomes thinner. As such, this paper
compared and analyzed XLPE and PP cables from various perspectives and concluded that
PP is sufficiently attractive as a next-generation insulation material. However, at the present
stage, the low thermal conductivity of PP is considered to be the most urgent problem to be
solved as it is an obstacle that limits other excellent performances of PP materials.
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