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Abstract—This paper presents a multiobjective optimization
technique for the submarine cables of high-power remotely
operated vehicles (ROVs). A detailed design flowchart with inte-
grated electrical and mechanical designs of the ROV submarine
cables is provided to quantitatively compare AC and DC-based
power distribution systems and identify the optimal design from
multiple standpoints, prioritizing electrical loss and cable weight.
The electromechanical cable design optimization plays a vital
role in the ROV industry and in all those applications where
the power distribution system is employed vertically from the
support platform/vessel. The entire procedure is exemplified by
carrying out a particular case study; for an ROV power hub
with rated power of 5 MW and operational depth of 6000 m,
the DC submarine cable design with distribution voltage of 33
kV results in an electrical loss reduction of 54.3% compared to
the AC submarine cable design with distribution voltage of 22
kV at similar cable weights of 63 ton. Additionally, the proposed
method can be widely applied to any type of AC-DC comparison
to achieve the optimal ROV submarine cable design with a
considerably short process time in comparison to the approaches
with finite element analysis.

Index Terms—Underwater power cables, medium-voltage
power distribution, optimization methods, electromechanical
properties, finite element analysis, remotely operated vehicles.

I. INTRODUCTION

N recent years, offshore and subsea activities in deep and

ultra-deep water have been continuously developing due
to the steep increase in offshore wind farm deployments, oil
and gas extraction and other submarine applications such as
military, or upcoming deep sea mining. These applications
require a high number of so-called “work class” remotely
operated vehicles (ROVs), which must satisfy several specifi-
cations such as high power demand (from above 200 kW up to
several MW), low maintenance, high reliability and capability
of operating under extreme conditions [1]-[3]. While the high
power demands of manipulators and propulsion so far have
been met by hydraulic systems on board, a trend to electrify
the high power ROVs has been observed, since reliance on the
hydraulic systems for power transmission might reduce their
efficiency by 50% [2], [4]. Moreover, recent advances in per-
manent magnet materials and electro-magnetic motor design
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enable smaller and lighter design for the work class ROVs.
Yet, the electrical power distribution design for the ROV
applications poses many challenges in the electromechanical
design because the whole power distribution system has to be
employed vertically from the support platform located at the
sea level.

In order to ease the technological transition from the hy-
draulic system to the fully electric ROVs, the corresponding
power distribution grid should be optimized accordingly. Usu-
ally, the power required for the ROV operation is generated
on the support vessel, and then conveyed to the ROVs located
on the sea bottom through AC power cables. Both low voltage
(e.g. 440 V or 690 V) and medium voltage (e.g. 3000 V or
6600 V) AC systems, operating at 50 or 60 Hz, are normally
used. It is worth noting that, in recent years, the technological
transition to all-electric ships has been accelerating signifi-
cantly to contribute to carbon footprint reduction in marine
applications. The solutions usually result in the integration of
renewable energy sources and energy storage systems, leading
to the employment of DC grids in ships to achieve smart power
management [5]-[11]. Therefore, a DC power distribution grid
to ROVs might benefit from the further evolutions of these
DC ships. Generally, the choice of the voltage level or the
distribution frequency poses a trade-off between the electrical
and mechanical properties of the power cables (e.g., efficiency
the cable weight). Traditional cable design procedures may fail
to explore all the possible designs and result in sub-optimal
solutions, since the need to meet electrical and mechanical
constraints often relies on computationally time-consuming
finite element methods (FEM) [4], [12]. Overall, there has been
a lack of research on both the efficient, integrated modeling
of electromechanical cable properties and their optimization
techniques for the ROV applications.

This paper contributes to filling this gap by proposing
a multiobjective optimization technique with the combined
electrical and mechanical modelling for the ROV submarine
cables, which are the backbone of the subsea power distribu-
tion system. In particular, the design flowchart is introduced to
identify the best configuration from multiple standpoints, while
satisfying both the electrical and mechanical specifications.
The contributions of this paper to the technological transition
towards all-electric ROVs are:

(i) to propose an integrated approach to electromechanical
design of submarine cable that is based on mathematical
modeling and allows accurate and quick cable modeling,
as proved by comparison with traditional FEM [4], [12],
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Fig. 1: Power distribution system for high power ROVs.

(ii) to develop a multiobjective optimization technique inte-
grating (i) to identify the best configuration,

(iii) the possibility to enable the extension of the proposed
approach to a variety of power distribution systems such
as, e.g. subsea power supply to oil and gas equipment, or
offshore renewable energy applications, by updating the
electromechanical constraints and specifications [13].

This paper is organized as follows; section II presents the
multiobjective optimization technique for the submarine cables
and its systematization through a design flowchart, whereas
section III introduces the electrical and mechanical models
of the submarine cables. In section IV, the multiobjective
optimization of the submarine cables is applied to a test
case. The comparison between AC and DC power distribution
systems is conducted based on the optimization results.

II. MULTIOBJECTIVE OPTIMIZATION TECHNIQUE

This section presents the multiobjective optimization tech-
nique proposed for the ROV submarine cables. The first part of
this section focuses on the methodology, whereas the last part
introduces the design flow chart and software implementation.

A. Methodology

Fig. 1 depicts the typical power distribution system for
ROVs, whereas table 1 shows the main specifications of the
ROV submarine cables [1], [3]. The power distribution system
for the ROVs considered in this paper consists of three parts:
the ROV submarine cables, the tether management system

TABLE I: Main Specifications of ROV Submarine Cables

Rated power Py 0.2 - 20 MW
Distribution voltage Vac 1 kV -33kV
Vbe 1 kV - 56 kV
Distribution frequency f 0 - 50 Hz
Operational depth h 3000 - 6000 m
Maximum strain €maz 0.5%

(TMS), and the ROV tether. Small ROVs such as micro-ROVs
can be fed directly via a neutrally buoyant tether between the
support vessel and the vehicle. On the other hand, in the
work-class ROV applications, the TMS located on the sea
floor is introduced to reduce the effect of drag and vertical
movement on the ROVs especially in deep areas. The water
current drag force is mitigated by the heavy ROV submarine
cables connecting the TMS to the support vessel, and the
ROV is fed by a neutrally buoyant tether connected to the
TMS. While the ROV tether has almost no weight in water
and delivers power to the ROV for few hundred meters, the
ROV submarine cable covers the longest power distribution
distance up to several thousand meters and has to carry its
own weight in water. This configuration poses difficulties in
the electrical and mechanical design of the ROV submarine
cables. Therefore, the optimization of the power distribution
system for the high power ROVs focuses mainly on the ROV
submarine cables.

The main objective of this paper is to demonstrate a cable
design method, which provides a good selection of design
candidates after first screening multiple design alternatives
under a specified set of design constraints and standards.
More specifically, the electrical and mechanical design of
the submarine cable in this paper is conducted based on
the International Standards IEC 60502 and 60287, where the
highest distribution voltage of the AC submarine cables is 33
kV [14], [15]. With the same insulator wall thickness, the
maximum phase-to-neutral DC distribution voltage is designed
at the peak value of the phase-to-neutral AC distribution
voltage. Consequently, the highest phase-to-phase distribution
voltage of the DC submarine cable is higher than that of the
AC submarine cable with a factor of approximately m,
resulting in the 56 kV DC voltage corresponding to the 33 kV
voltage in AC distribution. It is worth noting that, the same
proposed design procedure can be applied to recent offshore
installations where the maximum AC distribution voltage of
66 kV is employed [16]-[18].

Fig. 2 depicts the multiobjective optimization technique for
the submarine cable design [19]. The design of a submarine
cable involves numerous different design variables such as;
the component values (e.g., distribution voltage level, or
distribution frequency), materials and geometries. First, the
possible combinations of design variable values form the
set of possible submarine cable designs, which is referred
as the design space. Hence, the design space is visualized
as a multidimensional space with each axis representing
an individual design variable. Second, the submarine cable
characteristics, i.e., electrical and mechanical properties, are
derived for each submarine cable design in the design space
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Fig. 2: Multiobjective optimization technique for ROV subma-
rine cable design.

by the mathematical cable modeling. Finally, the cable perfor-
mance is calculated from the submarine cable characteristics
to obtain the performance space. In this paper, the submarine
cable performance is defined by the pair of the electrical loss
P,ss, and the submarine cable weight in air m.. Usually, the
performance space results in the Pareto front, i.e., the set of
designs that offer the best possible tradeoffs among P,ss, and
m.. The Pareto front in the performance space can be used to
identify the combination of design variable values in the design
space that achieves the highest performance while complying
with the specifications and constraints.

B. Flowchart

Fig. 3 depicts the design flowchart representing the multiob-
jective optimization technique, i.e., the mapping of the design
points in the design space, into the evaluation points in the
performance space to form the Pareto front. In particular, the
required inputs are the design variables, constraints, system
specifications, and the material database. The output is the set
of Pareto-optimal submarine cable designs.
1) Search Algorithm: The proposed optimization flowchart
classifies the design variables into the following two cate-
gories:
(i) Electrical design variables &.;., which are the submarine
voltage level V5, and the distribution frequency fg;s.

(i) Mechanical design variables %,e., which are the armor
design variables (wire diameters d4, and wire helix
angles a4).

This distinction of the design variables results in the electrical
and mechanical design loops as shown in Fig. 3. The electrical
design variables T, are iterated in an outer loop, where
for each iteration 7, a new set of the under-armor submarine
cable configuration is obtained. Then, based on each under-
armor submarine cable configuration, the armor is optimized
in the inner loop that iterates the corresponding mechanical
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Fig. 3: Design flowchart representing multiobjective optimiza-
tion technique.
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design variables ... The goal of the mechanical design
loop is to identify the armor design variable value ¥,
which achieves the lowest weight in air while complying with
mechanical constraints (e.g., the maximum strain at working
load, and the torque balance). The advantage of this design
variable classification is the reduction of the optimization
complexity: only the armors of the under-armor submarine
cable configurations that comply with the electrical constraints
are considered in the mechanical design loop. In the next
step, the properties of the submarine cable evaluation points
(e.g., the ampacity, the electrical loss, the cable weight, and
the material cost) within the iteration ¢ of the outer loop
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are calculated to form a corresponding evaluation point in
the performance space. Finally, after the iteration of all 7;,;
submarine cable design variable options Z;., the Pareto front
is identified as the boundary of the evaluation points in the
performance space.

2) Software  Implementation: ~ The proposed design
flowchart is implemented in MATLAB. The code encompasses
approximately 1012 lines, of which 25% is dedicated to the
armor design. MATLAB is chosen mainly because it can
provide a large options for handling complex data structures
and numerical methods. However, any similar software can
also be utilized because the code for the design flowchart is
constructed basically from the loop control statements, the
conditional statements and the numerical equations.

III. CABLE MODELING

This section presents a brief overview of the electrical and
mechanical models used in the design flowchart of Fig. 3.
The first part of this session introduces the electrical and
mechanical models of the the submarine cable, whereas the
last part confirms the validation of these models by providing
the calculation results with FEM.

A. Electrical Design

Fig. 4 depicts the ROV medium voltage submarine cables
with separate screened cable configuration [20], [21]. The
two-core cable transmits the DC current, whereas the three-
core cable represents the AC cable. First, the dimensions of
the under-armor cable are determined to comply with the
international standards IEC-60502 and IEC-60287 [14], [15].
In other words, the electrical design of the ROV submarine
cable, i.e. the under-armor cable design, is conducted similarly
to general underwater power cables. Then, the electrical prop-
erties, i.e. the current rating, the loss factors, and the thermal
and electrical resistances, are derived.

1) Cable Material Selection:

a) Conductor: The conductor of the submarine cables
can be made of copper or aluminum. Copper conductors are
more resistant against corrosion, and also have a higher fatigue
resistance and breaking strength than aluminum conductors.
Consequently, only copper conductors are considered in this
paper. First, the conductor cross-sectional area is selected
in the range of 10 mm? and 1600 mm?. Then, the wall
thicknesses of the insulation, screening, sheath and bedding
are selected accordingly to IEC-60502 [15].

b) Insulation: The insulation of the medium voltage
submarine cable can be provided by cross-linked polyethylene
(XLPE) or ethylene propylenen rubber (EPR) [22]. Compared
to oil filled paper insulated submarine cables, XLPE and EPR
offer following advantages: free maintenance, lighter weight,
and lower sensitivity to severe stresses to which the submarine
cables are subject during transportation, laying and operation.

c) Screen, sheath, fillers and bedding: The conductor
and insulation screens are the semi-conductive layers whose
main purpose is to obtain a uniform distribution of the electric
field within the insulation. As the conductor is stranded, its
surface is only approximately cylindrical. In the absence of the

Conductor ————

Conductor screen

+———— [nsulator

Insulator screen

Metallic screen

4————— Sheath ————»

Fillers

«——— Bedding
7 Armour

Fig. 4: ROV medium voltage submarine cables with SL
configuration.

conductor semi-conductive layers, the electric field might be-
come concentrated at certain points, leading to local dielectric
breakdown. The insulation semi-conductive layers are applied
for the same reason. Meanwhile, the metallic screens confine
the electric field of the cable within the insulation surrounding
the conductor by safely carrying the cable charging current
to a solid ground point. Consequently, the metallic screens,
which can be made from helically applied and overlapped
copper tapes, are generally connected to the ground points at
both ends of the medium voltage submarine cable. The sheath
protects the underlying cable core from mechanical, moisture
and chemical damage during the installation and service life
of the cable. The material choice for the sheath is normally
polyethylene (PE). The fillers and bedding are made of PE
strings to fill the spaces between the cores and make the cable
round while providing a protective boundary between inner
and outer layers of the cable.
2) Derivation of Electrical Properties:

a) Current rating: The current rating [4¢, Ipc for the

AC and DC submarine cables are defined by [14],

_ 0.5
I . Tc - Tamb (1)
AC TV RacRint + nRac(1+ ) Rinz
+ nRAc(l + A+ )\2)Rth3
_ 0.5
I o Tc - Tamb (2)
be = _RDCRthl +nRpcRip2 +nBRpcoRins

where 7T, is the maximum operating temperature, T, iS
the ambient temperature, R4, Rpc are the AC and DC
resistances per unit length of the cable at T, n is the number
of load-carrying conductors in the cables, A\; is the ratio of
losses in the metal screens to total losses, Ao is the ratio of
losses in the armours to total losses, R;p1, Rino, and Ryp3 are
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the thermal resistances per unit length between one conductor
and the sheath, between the sheath and the armour, between
the armour and the surrounding medium, respectively.

b) Electrical resistances and loss factors: The electrical
loss in the submarines cables consists of losses in the insu-
lators, the conductors, the metallic screens, and the armours.
The dielectric loss in the insulators is mainly due to friction
losses from dipoles rotating with the voltage frequency. For
medium voltage cables, because the capacitance is much
smaller compared to that in high voltage applications, the
dielectric loss in the insulators can be considered negligible
[23]. Meanwhile, the losses in the metallic screens and the
armours are normalized to the loss in the conductors by loss
factors A; and A, according to IEC-60287. Therefore, first the
AC resistance of the conductors R ¢ is calculated as,

Rac =Rpc(1+ys +vp) 3)

where y, and y, are the skin effect and proximity effect
factors, respectively. Then, y, and y,, are defined in,

4

R it 2 < 2.8
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where d,. is the conductor diameter, s is the distance between
conductor axes, and f is the distribution frequency. The
electrical loss in the metallic screens is caused by circulating
currents and eddy currents. As the metallic screens in the
submarine cables are bonded at both ends, only the loss due
to circulating currents needs to be considered [24]. Then, A\
is defined in,

N R, 1.5 o
1= "N\ — RAC Rs 2
I+~
7 [ 2s
X =47 f10 = ®)

where R, is the DC resistance of the metallic screens at the
maximum operating temperature, and d is the mean diameter
of the metallic screens. Finally, \q is approximated in,
2.48(mf)?10~ 1 7.64Amf1075(1.48r + t)?

> RacRa Rac(d% + 95.7A)2

©))

5

where R4 is the AC resistance of the armour at maximum
operating temperature, d 4 is the mean diameter of armour, A
is the cross-sectional area of armour, r; is the circumscribing
radius over conductors, and ¢ is the insulation thickness be-
tween conductors. It should be noted that several publications
have been reported to improve the metallic screen and armour
loss calculation error compared to the methods employing
IEC-60827 [24]-[26]. Therefore, the improved metallic screen
and armour loss calculation can be substituted into (7)-(9) to
further improve the accuracy of the total loss calculation of
the submarine cables.

c¢) Thermal resistances: The thermal resistances are
derived dependently on the configuration of the submarine
cables (cf. Fig. 4). The thermal resistances between one
conductor and the sheath of 2-core cable and 3-core cable
Rini,, Rini1, are defined in,

p 2t

Ripy, = %ln <1 + d1> (10)
pT

Rint, = 5 G (1)

where pr is the thermal resistivity of insulator, ¢; is the
thickness of insulation between conductor and sheath, and G is
the geometric factor given in Fig. 3 of [14]. Then, the thermal
resistance between the sheath and the armour Ry is defined
in,

Rz = 2LG (12)

6

where py is the equivalent thermal resistance of the sheath, the
fillers and the bedding, and G is the geometric factor given in
Fig. 6 of [14]. Next, the thermal resistance between the armour
and the surrounding medium R;3 is approximated as,

Pamb 2h
Q = l _—
Ring = = =1n <D6>

where pgmp is the thermal resistance of the surrounding
medium, h is the operation depth, and D, is the external
diameter of the cable. Note that the armour parameters are
obtained in section III.B.

(13)

B. Mechanical Design

The submarine cable for ROV normally experiences high
tension and strain during its installation and recovery due
to its long suspended length in deep ocean [27]. Armour
stranded wires are employed in the submarine cable design
to keep the cable strain below a prescribed level. Moreover,
the submarine cable might develop torque when subjected to
tension, further worsening the cable strain. Consequently, the
multi-layer configuration of the armour is generally applied
to the cable design [28]. By wrapping the armour layers in
opposite directions, the balance net torque can be produced.
The mechanical design goal of the submarine cables is to
identify the armour parameters, i.e. the wire diameter d4 and
helix angle «, satisfying the maximum strain level and the
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Fig. 5: Analysis model of submarine cable with single armour
layer.

torque balance. For the sake of simplicity, only two-armour-
layer configuration is considered, but the same reasoning can
in principle be applied to a higher number of layers.

The derivation of the armour parameters is provided as
follows; first, each combination of the wire diameters and
the helix angles for each armour layer is generated. For
each individual combination, the tension, strain and torque of
the cable are calculated and compared with the mechanical
constraints, i.e. the maximum strain level and the balance
torque. The armour parameter combinations that comply with
the mechanical constraints, are then compared to each other in
term of the armour weight to find the smallest armour weight.
In other words, the mechanical design loop goal is to find the
armour parameters that result in the smallest armour weight
while satisfying the mechanical constraints.

1) Tensile and Torsional Properties: Fig. 5 depicts the
analysis model of the submarine cable with single armour
layer [28]. The relations among the total axial load T}, the
total cable moment M; and the cable strain €. with the cable
ends twist-restrained are defined by,

_ L 14
€c = 63 ( )
M, = Cie. (15)

where C7 and Cj are the coefficients calculated by,

2
C, = E (sin2 ag — Y cos? ak)zEAknAkAAkrAk CoS v,
k=1
(16)

03 = EcAc + EmsAms
2

+ g (sin® ag — 7} cos® ag) > Earnar Aag sin ag
k=1

a7

where «; is the pseudo-Poisson’s ratio for the kth armour
layer and is the measure of the armour diametric contraction,
F 4j, is the tensile modulus of the armour wires, n 4; is the
armour wire number, A4 is the cross-sectional area of a
single armour wire, and 7 43, is the pitch radius of the armour;
whereas the subscripts ¢ and ms refer to the conductor and
the metallic screen, respectively. Since nax, Aar and oy

ROV Submarine Cables
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\
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Fig. 6: ROV submarine cable and TMS in suspension during
recovery.

change accordingly to d4 and «, then C; and Cj are also
recalculated for each combination of d4 and «. In particular,
n 4 is calculated by,

T
* K4

na = (18)
_1 dA

Dy +da

where Dy is the fictitious diameter under armour, and K 4
is the fill factor of the armour. Then, 7} is derived in the
following subsection to calculate e..

2) Cable Tension during Recovery: Fig. 6 depicts the ROV
submarine cable and the TMS in suspension during recovery
[27]. Cable tension at the overboard sheave in the support ves-
sel is higher than in any other handling operations. Therefore,
the mechanical design is conducted considering the recovery
operation condition. There are three components contributing
to T;: the quasi-static tension induced by the recovery speed
Ty, the dynamic cable tension caused by the ship motion 75,
and the additional tension caused by the TMS weight 75. First,
T is calculated by using Zajac’s method,

wh
T, =

o 19

Q COS (¢ + COS Qg
1— [tan? [ — _—
(2)( 1 — cos? a, )

where w is the cable weight per unit length in water, h is the
operational depth, oy is the outboard angle between the cable
and the sea, a, and +y are the critical and ascent angles which
are defined by,

4
1(H 1(H

-1

.= 1+-(=) -2 20

e = €08 tilv 2\ v 20)
2—sin2ozc

V=— 2D
sin” o,

where V' is the recovery speed, and H is the cable hyrody-
namic constant which is expressed by,
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TABLE II: Mechanical and electrical data of submarine cables

Cable parameters (cf., Fig.4) Three cores Two cores
Voltage level [kV] 18 /30 (36) 0.6/1.0(1.2)
Nominal area of conduction [mm?] 120 50
Conductor screen wall thickness [mm)] 0.46 0
Insulation XLPE wall thickness [mm)] 8.0 1.0
Insulation screen wall thickness [mm] 0.5 0
Metallic screen cross sec. area [mm?2] 16 0
Sheath wall thickness [mm] 2.5 0
Bedding wall thickness [mm] 2.0 2.0
Wire diameter of armour layer 1 [mm] 4.05 1.6
Wire diameter of armour layer 2 [mm] 3.15 1.6
Helix angle of armour layer 1 [mm] 73.3 73.3
Helix angle of armour layer 2 [mm] 69.0 78.4
Cable weight in air [kg/m] 20.3 3.1
Current rating [A] 308.5 191.8
Electrical losses [W/m] 60.8 36.3

H 2w (22)

CVD pD e

where Cp is the drag coefficient that translates the friction
exerted by the seawater mass on the cable in the direction
perpendicular to it, p is the seawater density, and D, is the
external diameter of the cable.

Next, the dynamic cable tension caused by the ship motion
T5 is calculated by,

Ty = /CsmcVs

where V; is the support vessel’s vertical velocity, and m¢ is
the cable mass per unit length.

Finally, the additional tension induced by the TMS weight
T3 is expressed as,

(23)

T3 = wr + mras (24)

where wp is the TMS weight in water, mp is the TMS mass,
and a is the vertical acceleration of the support vessel. For the
sake of simplicity, 73 is considered to be negligibly small in
this paper assuming that the TMS’s thrusters support it during
the recovery. Substitution of the above expressions for 7; into
(1) and (2) gives the tensile and torsional properties of the
cable under twist-restraint condition.

C. Finite Element Analysis

Table II depicts the mechanical and electrical data of two
submarine cables which are designed based on the flow chart
in Fig. 3 and Table I. ANSYS is employed as the finite element
software, where FEM is applied to simulate the tension tests
of the submarine cables [4], [12]. First, the geometric models
of the submarine cable are constructed in ANSYS/Geometry
(Toolbox of Static Structural). Then, these geometric models
are imported to ANSYS/Model to obtain the strain under the
tension test. Note that only the geometrically linear behaviour
of the cables is considered because the submarine cables are
assumed to work within the elastic region.

Fig. 7 depicts the elongation of the three-core submarine
cable model under tension test. The initial length of the three-
core cable is 100 mm. Under the tension force of 1273.2
kN which is assumed as the maximum load applied to the
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Fig. 7: Elongation of three-core submarine cable model under
tension test.
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Fig. 8: Comparison of cable strain versus cable tension com-
puted according to design flowchart and FEM.

cable during the recovery (cf., (6)-(10) in section IIL.B), the
resultant elongation of the three-core cable model is 0.55 mm.
Therefore, the calculated strain with FEM is 0.55%, resulting
in the error of approximately 10% when comparing with the
theoretical strain of 0.5%.

Fig. 8 depicts the comparison of the cable strain versus
the cable tension computed either by means of the design
flowchart or FEM. The tension forces applied to the two-
core cable are 44.2 kN, 88.3 kN, 132.5 kN, 176.7 kN and
220.1 kN, whereas the tension forces applied to the three-
core cable are 254.6 kN, 509.3 kN, 763.9 kN, 1018.6 kN and
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TABLE III: Optimization coefficients and constraints

Rated power [MW] P 5
Operational depth [m] h 6000
Nominal ambient temperature [°C] Tambp 20
Max. conductor temperature [°C] Te 90
Tensil modulus of copper [GPa] Ecopper 110
Tensil modulus of steel [GPa] steel 200
Pseudo-Poisson’s ratio Vi 0.3
Outboard angle [degree] Qs 75
Cable recovery speed [m/s] \%4 0.5
Seawater drag coefficient Cp 1.5
Seawater density [kg/m?] 1050
Support vessel’s vertical velocity [m/s] Vs 3

1273.2 kN. Such tension forces are selected at 20%, 40%,
60%, 80% and 100% of the maximum load applied to the cable
during the recovery respectively. Smaller tension forces are
applied to the two-core cable compared to those of the three-
core cable, because the two-core cable weight in air is lower
than the weight of the three-core cable. The errors between
the derived-by-design-flowchart and FEM strains of the two-
core and three-core cable models are 9.37% and 10.1%,
respectively. Note that same errors are obtained in 5 points of
the applied tension force in both the cases of the two-core and
three-core cable models. In practice, the submarine cables are
usually designed with the safety factor higher than 2 [1], [27];
therefore, the errors between the derived-by-design-flowchart
and FEM strains are considered to be small, validating the
mechanical design in section III.B.

IV. PERFORMANCE SPACE ANALYSIS

This section presents the optimization results using a spe-
cific case study as an example.

Table III lists the optimization coefficients and constraints.
In this section, the multiobjective optimization technique (cf.,
Fig. 3) is employed to find the Pareto fronts of the AC and
DC submarine cable designs with the optimization parameters
listed in Table I and Table III. The entire procedure is
exemplified by carrying out a particular case study for an ROV
power hub with rated power of 5 MW and operational depth
of 6000 m. For recovery in adverse conditions, the following
assumptions are made; the outboard angle at the support vessel
as 1s 75°C, and the maximum support vessel’s vertical velocity
Vs is 3 m/s. The two-core cable configuration is employed as
the DC submarine cable, whereas the three-core cable is used
as the AC submarine cable (cf., Fig. 4). Instead of the em-
ployment of FEM for all the design points in the design space
(cf., Fig. 2), the mechanical design introduced in section I1I.B
significantly reduces the process time of the multiobjective
optimization technique. For instance, the process time of FEM
for only one design point is approximately 12 hours, including
the model construction, the mesh generation and the solution
calculation. Note that the parallel processing of ANSYS is
employed to the mesh generation and the solution calculation
with the aim to reduce the process time. Specifically, the whole
process of FEM is implemented to a server computer with 28
cores, whose base speed of each core is 2.6 GHz. On the
other hand, the multiobjective optimization technique based
on the proposed mechanical design is employed to a laptop
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Fig. 9: Performance space of AC and DC submarine cables in
term of electrical loss and cable weight.

with 2 cores, whose base speed of each core is 1.9 GHz, and
takes approximately 3 hours to evaluate all possible design
points, enabling the designer to achieve the optimal design in
a considerably short time and low-cost hardware.

Fig. 9 depicts the performance space of AC and DC subma-
rine cables in term of the electrical loss Pj,ss and the cable
weight m.. As the horizontal and vertical axes present m,
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Fig. 10: Weight and loss analysis of selected AC and DC
submarine cable designs.

and Pj,s, respectively, the evaluation points which are close
to the origin feature better submarine cable designs. Hence, the
Pareto front of the submarine cable designs is the boundary of
the evaluation points which is close to the origin. As observed
in Fig. 9a and Fig. 9b, the increase in the distribution voltage
reduces the electrical loss due to the decrease in the cable
current. Nevertheless, the high distribution voltage does not
always result in the minimum cable weight. In particular, the
minimum weights of the AC and DC submarine cable designs
are 63.4 ton and 52.1 ton with the distribution voltage of
22 kV and 33 kV, respectively. As shown in Fig. 9c, the
DC submarine cable designs provide better P,s-m, trade-off
relation compared to that of the AC submarine cable designs.
For instance, the design point B with the DC distribution
voltage of 33 kV and the nominal conductor area of 70 mm?
results in the P45 reduction of 54.3% compared to the design
point A with the AC distribution voltage of 22 kV and the

9

nominal conductor area of 35 mm? at almost equal m, of
approximately 63 ton.

Fig. 10 depicts the weight and loss analysis of the selected
AC and DC submarine cable designs. It is observed from Fig.
10a that the armour occupies the majority of the cable weight.
The amount of copper and insulator in the DC cable is almost
the same as that in the AC cable, whereas the electrical loss
of the DC cable is reduced by 54.3% compared to that of the
AC cable (cf., Fig. 9c). As shown in Fig. 10b, the AC loss, i.e.
the loss induced by the skin effect, and proximity effect, the
metallic screen loss and the armour loss, occupies only a small
percentage of the total electrical loss of the AC cables with
small conductor nominal cross-sectional area. Meanwhile, the
AC cables with large conductor area suffer larger AC loss,
e.g. the AC loss results in 34% of the total electrical loss of
the AC cable with the conductor cross-sectional area of 500
mm?. Even though the total loss decreases in the AC cables
with large conductor area, the AC loss in the AC cable with the
conductor cross-sectional area of 500 mm? increases to 7.6 kW
compared to the AC loss of 4.2 kW in the AC cable with the
conductor cross-sectional area of 35 mm?. The electrical loss
reduction over 50% by the employment of the same-weight
DC submarine cable compared to the AC counterpart can
substantially contribute to the total cost reduction of the ROV
applications, where the main energy source of the support
vessel has to be transported from onshore [29]. Furthermore,
the DC power distribution system can also eliminate AC-
DC conversion step for the motor system, resulting in more
compact, light weight and low cost designs for the ROVs.

V. CONCLUSION

In order to support the identification of more efficient
powering solutions for the ROV sector, which is transitioning
towards more- or fully-electrical solutions, this paper proposed
the multiobjective optimization algorithm to assess the best
ROV cable configuration, considering both mechanical and
electrical aspects. Its application to the selected test case of a
SMW ROV power hub, highlighted that, scarcely investigated
DC cable solutions could provide a loss reduction higher
than 53% compared to a standard AC cable solution of
comparable weight or could otherwise result in a 18% weight
reduction for a corresponding power delivery. Comparison
with traditional FEM simulations proved that the proposed tool
provides an accuracy in the range of 10% being significantly
less computationally demanding. Furthermore, the proposed
methodology could also be adapted to the assessment of AC
and DC solutions for other cable applications such as subsea
power supplies for oil and gas extraction or power distribution
grids in offshore renewable energy applications.
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