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Abstract

The study presented here focuses on the umbilical
research, and in particular to the key segment allowing
the power export from the floating device to the seabed.

Scale tests focusing on the power umbilical
connected to a floating wave energy converter
(WEC) are described. The experiments investigate
on the dynamic movements of a cable in catenaryshaped and lazy wave layout. Results, interpreted
with the aid of a simple numerical model, suggest
that the second configuration is more suitable for
offshore WEC applications. The buoyancy modules
decouple the WEC motions from the touchdown
point and reduce the hang-off loads at the WEC
interface.
A state of the art numerical model (Flexcom) is
used to study several other layouts and to discuss the
key role played by the drag to weight ratio.
Umbilical
characteristics,
feasibility
and
deployment methods are also discussed.

The design of power cable for WECs can be
considered to be at an initial stage. In [1] the main
feasible options for transmission system in offshore
energy systems are first proposed, focusing on the
technical and economical aspects of the transmission of
electrical power. High Voltage Alternating Current
power transmission was considered the economically
best alternative with transmission distances shorter than
50 km.
The available information on umbilical design is
derived from previous experience in offshore wind
farms and the oil and gas sector. Oil and gas drilling
and production systems need electrical power supply for
the operation of subsea equipment and this has
traditionally been supplied via a power umbilical.
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1.

Standard design codes from the offshore oil and gas
industry (e.g. ISO 13628-5) are typically applied.
However, application of standard design methods may
not be directly suited to WECs, due to extremely harsh
environments in shallow water and possibility of
specific dynamic behaviour. The response physics for
umbilicals to wave energy devices is not well
understood and uncertainties with regard to cross
frequency coupling and system damping can lead to

Introduction

European FP7-CORES (Components for Ocean
Renewable Energy Systems) project has as its objective
to develop new concepts and components for PTO,
control, moorings, umbilical, data acquisition and
instrumentation for wave energy devices.
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significant difficulties in the umbilical cross-section and
configuration design process.

2. Power cable description
The submarine cable is basically formed by three
conductors (three phase current), an electrical insulation
and a supporting frame. Each conductor core is formed
by threaded copper. Around the core a layer of extruded
polymer and a metallic sheath is present, connected to
earth for fault currents. This sheath is also a barrier for
water. An aluminium core can be used, requiring a
bigger cross-sectional area with lower weight.
Aluminum is affected by corrosion and a lead shield is
necessary in this case.

The dynamics of slack cables in general and the
response to axial compression is indeed highly nonlinear. Due to this reason, several theoretical studies are
present in the literature. In [2], the dynamic response
under the action of in-plane and out-of-plane loading
are depicted, with a complete but quite complex
description of the cable response under harmonic
excitation, enhancing the unstable conditions.
For marine cables, the stability in an alternating taut–
slack condition is given in [3]. It is shown that the
period-one response (first natural oscillation mode) can
lose its stability under certain circumstances, especially
when the damping level is low. Numerical simulations
are carried out to examine more complex motions. It is
demonstrated that the dynamics of the heave motion can
undergo a series of period doubling from periodic to
chaotic motions.

The outer electrical insulation is formed by paper
sheets impregnated with resin or high viscosity oil or
extruded plastic.
The external metallic armature (steel wires) provides
mechanical strength. Sometimes a repellent or an
external sheath is used to avoid damage by corrosion,
marine fauna, etc..

The mechanical design of power cable is therefore
already quite a challenge. Furthermore, it requires the
collaboration from multiple disciplines of engineering.
The cable must ensure efficient electrical transmission
with a low servicing cost. It must also survive the
dynamic loads from the WEC motion and direct
environmental loading from waves and currents.

Electrical design of the outer cable is as important as
the design of the core itself. In facts, losses occur also
in the metallic part of the cable, generated by induction
of the main core current. Further, the cable must carry
both the load current and the reactive current demanded
by the cable capacitance, which may be important for
long cables at high voltage.

A detailed preliminary study (CORES deliverable
3.3) analysed possible umbilical configurations for an
OWC WEC device that has been anchored at the
Galway Bay test side, Ireland. The device uses a
compliant mooring system to allow for a free WEC
response. Non-linear dynamic analysis of a catenary
umbilical configuration in the Flexcom software
showed a tendency for unacceptable compression and
buckling at the touchdown point (TDP) as well as high
tension at hang-off point.

3. Test description
More than 40 tests were carried out by University of
Bologna in the wave flume of the Maritime Laboratory
of IMAGE department, Padova, focusing on the
dynamic response of power umbilicals.
The umbilical is modelled with an electric extra-flex
wire for laboratory in order to have a sufficiently wide
range of the elastic behaviour in presence of flectional
stress.

The study also pointed out that some parameters used
in numerical models require a different calibration
compared to off-shore applications, due to the presence
of non-linear shallow water effects and the relevant
effects of a typical wave height to depth ratio in the
order of 1:2.5. In order to validate and calibrate the
numerical models in relatively shallow waters applying
non-linear conditions, experimental investigations were
additionally conducted.

Two umbilical cross sections were considered, U1
and U2 (see Figure1).

The aims of the paper are to present the physical test
results, to provide a preliminary interpretation of the
cable dynamic behaviour and to inform about specific
design considerations for WEC power umbilicals, such
as electrical design, global configuration and
deployment methods.

Umbilical U1

Umbilical U2

Externar silicone rubber
core with with 90 wires

Further goals of the research, not covered by this
paper, are the non-linear dynamic modelling of the tests
in Flexcom software (including other 3D physical
model tests carried out at HMRC, Cork) and the
subsequent development of calibration factors for these
applications.

core with 110 wires

Figure 1: Cross section of tested wires.
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The first cable has an external diameter of 3.1 mm,
dry weight of 16.0 g/m, apparent weight under water 8.3
g/m, EI 157+/-16 N.mm2.

placed 5 cm below water level, in the middle of the
front of the model, whose movements could be
measured by means of accelerometers. The model eas
anchored with chains.

The second cable has external diameter 1.8 mm, dry
weight 5.20 g/m, apparent weight under water 2.5 g/m,
EI approx 50 N.mm2 with high standard deviation
(80%): it was somewhat difficult to measure the
flexibility of the thin wire that soon entered into the
range of plastic deformation.
The first cable was tested only in lazy wave
configuration, whereas both cables were tested in
catenary configuration.
Regular waves were generated, with H = 6 cm (T =
0.7,0.9,1.0,1.1,1.2,1.4,1.6 s) and H=10 cm (T=1.1,1.2,
1.4,1.6 s).

Figure 3: Lazy wave and catenary configuration.

Results for cable U1, H=6 cm, h=90 cm, are
summarised in Figure 4, in terms of vertical excursion
of the wire in proximity of the observed point.
Measurements are obtained by visual inspection of the
tapes in slow motion: the reported displacement is
therefore the distance between the highest and lower
position assumed by the cable during few regular wave
cycles.

The umbilical dynamics has been observed by a
video-camera. In order to minimise distortions caused
by the thick glass of the flume, the video camera is
placed in 4 positions (P1..P4 in Figure 2): x = 24, 54, 82
and 106 cm seaward of the fairlead z = 20, 45, 65 and
68 cm below the fairlead. The given positions are
actually that of the laser pointer attached to the camera,
whereas the objective is placed approximately 4 cm
downward.
A wide screen with a grid of lines distant 1 cm
among them was placed on the rear window. A sheet
with the same lines was placed also in the front
window: this allows a perfect quantitative evaluation of
the displacements of the wire on the mid plane.

P1 catenary
P2 catenary
P3 catenary
P4 catenary
P1 lazy
P2 lazy
P3 lazy
P4 lazy
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Figure 4: Results of video monitoring, comparisons between
catenary and lazy wave configurations.
Figure 2: Position of video-camera positions P1..P4
relative to lazy wave and catenary configurations.

Two key observations of the cable response in catenary
configuration are of importance to understand its
dynamics: i) the umbilical movements of point P4 are
far from zero: in fact a mechanical wave is seen to
propagate along the cable toward the anchor: the cable
therefore moves even in the part which lay on the flume
bottom; ii) point P1 moves significantly more than the
fairlead, showing clear dynamic effects. It should be
noted, with regards to both these observations, that the
opposite occurs for the umbilical in lazy wave
configuration. Since the touch-down point in this latter
case is almost fixed, it is reasonable to expect that a
steep wave configuration may behave similarly to the
lazy wave. Lazy wave might be preferred as it is easier
to install, it requires less buoyancy, less subsea
hardware and therefore it represents a simpler and more
economical option.

The cable layouts are described in Figure 3. The wire
length was 4.00 m in all cases.
For the lazy wave configuration, tested for 90 cm
water depth, the hog bend was realised by wrapping the
umbilical with polystyrene ribbon (80 cm long) stringed
into a interweaved sock which was fixed at the two ends
with waterproof tape. The flexional rigidity of the
added buoyant section was not constant, ranging from
1000 N.mm2 at the extremes and 200 N.mm2 in the
middle of the bend.
For the catenary configuration, the anchor point was
placed at 3.70 m from the fairlead, toward the wave
generator. Two depths were used for cable U1 (100 and
90 cm), and 1 depth for cable U2 (90 cm). The
umbilical fairlead was connected at the model front,
with angle tangent to the body front. The fairlead was
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4.

Numerical modelling

M  EI

The umbilical dynamic was tentatively interpreted by
a simple numerical model developed during the test
design phase. The following equations (Figure 5) were
implemented in a generic finite element solver:
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Figure 6: Lazy wave initial configuration superimposed to
picture (picture distortion is not corrected).
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Figure 6 shows the initial configuration for the lazy
wave layout. The superimposed picture is not fully
overlapped due to camera distortion.

Where X, Y and  are the displacements and the
rotation, ε is the axial deformation, fx and fy the external
applied force per unit length (drag, weight, buoyancy),
H and V are the shear forces.

The results for the dynamic simulation (computed in
absence of rigidity) are shown in Figure 7 as fraction of
the measured ones (cable U1, H=6 cm, h=90 cm).

Figure 5: Sketch of the umbilical dynamics.

The first three equations impose the momentum
equilibrium; the following two, are compatibility
constraints.
The drag applied by wave and current is described
according to Morrison formulation, with CM = 2 and CD
= 1.2.

d 2 v 
FMx  0.5  C D  d  u  (v  X )    C M 
(  X)
4
t
d 2 w 
FMy  0.5  C D  d  u  ( w  Y )    C M 
(
Y)
4
t
The constitutive lows are:
H  EA cos 

Figure 7: Example of comparison between measured and
computed displacements. Up: catenary; Down: Lazy wave.

F  EA sin 
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The numerical simulations agree fairly well with the
experiments except for 1 period in the catenary layout,
where some numerical instability shows up. For the lazy
wave layout, the displacements appear to be
underestimated, especially at T=0.9.

5.

A typical key parameter for the dynamic response of
an umbilical cable is the Diameter-to-Weight ratio
(DAW) which has an important influence on the
dynamic stability. Generally, the lower the value, the
more stable the configuration which will be an
important issue in shallow water conditions where
seabed stability and clashing with other lines could
occur. On the other hand, lower DAWs tend to imply
higher tensile loads and higher values of DAW might be
chosen for applications where environmental conditions
are not particularly severe.

This is possibly due to an imperfect representation of
the cable angle at the point of attachment with the
device. A greater accuracy may be obtained after
detailed calibration. For instance Figure 8 shows the
effect of the drag coefficient on displacement.
0.06
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Effect of drag to weight ratio
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Figure 8: Vertical displacement of point P1. Lazy wave
configuration, H=0.06 cm, T=1.1 s.

Figure 9 shows the position of the power cable
during 1 cycle (H=6 cm, L=1.5 m, T=0.98 s, h=0.9 m).
As observed in the physical model tests, the touchdown
point is rather stable.

Figure 10: 2-Armour Layer Umbilical Motion Envelope
Hs/h=0.28 (Flexcom software).

It is worthwhile to point out the simple model
described in this section does not converge for H/d
greater than 0.1. An other software must be used for
waves in design conditions: for instance, Figure 9
shows an example result (in terms of trace of the cable
during its cyclic motion) obtained with Flexcom
software under extreme wave conditions, Hs/h=0.28.
The small curvature radius of the cable indicates that
the proposed design (detailed in next section) is not
acceptable.

Table 1: Umbilical properties.
2-Armour
Layer Design

3MW
Power

200

60

Nominal Weight in Air (kg/m)

80

7

Nominal Weight in Seawater
(kg/m)

40

4

Bending Stiffness (kN.m2)

10

0.5

700

80

600

30

2

2

100

250

Parameter
Outside Diameter (mm)

Axial Stiffness (MN)
Torsional Stiffness
(kNm2/deg)
Minimum Bending Radius
(m)
Minimum Breaking Load (kN)

Within the FP7-Cores project a numerical study was
performed analysing the response behaviour of
umbilicals with different DAWs. Properties for
umbilicals, with a rated power of 1MW and 3MW were
considered (Table 1). These umbilicals consist of an AC
three-phase cable for power transmission with copper
cores and XLPE insulation. The voltage of the cables is
11kV.
A dynamic analysis was performed, using Flexcom,
on a Lazy-wave configuration for both umbilicals i) 2Armour design and ii) 3MW Power. The analysis was
performed applying an extreme wave with significant
wave height Hs = 16.9 m. Furthermore, the analysis was

Figure 9: Trace of the cable during its cyclic motion
H/d=0.06 (described numerical model).
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performed applying an WEC excursion of 6m, towards
the umbilical.

system is used that fluidises the seabed material to
create the trench. The material then falls back on
top of the umbilical as back-filling after the
machine has passed. After this operation, it will
become almost impossible to fish the cable at later
stages.

The results of the dynamic analysis are presented in
Table 2. The minimum bending radius of both
umbilicals is exceeded due to the large motions of the
buoy and the drag loading on the buoyancy section.
Both umbilicals also experience compression in the
touchdown region. The tension limit of the 2-armoyr
layer umbilical is exceeded. Motion envelopes of the 2armour layer umbilical in the near position are
presented in Figure 10.

The deployment of the umbilical may occur before or
after the installation of the WEC. In the first case, the
cable lying on the sea bed is identified by a signalling
buoy for easiness of retrieved. After the cable has been
successfully laid on the seabed, the umbilical is final
connected to the WEC.

Table 2: Umbilical analysis results.
2-Armour
Layer
Design

3MW
Power

234.8

74.6

0.3

0.71

Min.

-11.4

-1.0

Max.

235.7

74.6

Min.

1.6

1.1

Max.

81.0

87.1

Parameter
Tension at Hang-off
(kN)
Minimum Bending
Radius (m)
Tension (kN)

Hang-off Angle
(°)

7.

Tests were carried out in order to analyse the power
umbilical dynamic behaviour and calibrate state of the
art numerical models used for design. The calibrations,
that have not actually been performed yet, will allow the
comparisons between different kind of power umbilicals
of a specific device, the OE-buoy anchored in Galway
bay.
Two cable configurations and two water depths were
considered under different wave/current conditions. The
results and a preliminary interpretation based on a
simple model allowed anyway a clear description of the
processes:
 the catenary umbilical configuration experiences
overbending at the touchdown point, and significant
hang-off loads at the WEC interface. It is therefore
deemed unsuitable for WEC applications in harsh
environmental conditions;
 the lazy wave configuration appears to be the most
suitable umbilical configuration for offshore WEC
applications. The buoyancy modules decouple the
WEC motions from the touchdown point, and also
reduce the hang-off loads at the WEC interface.

Several more configurations were analysed in this
study including free hanging catenary, double wave,
steep wave and wave with additional structures such as
fixed towers. The most feasible configurations are the
lazy wave and steep wave. However, there are some
critical design issues to be overcome before they
become working designs.
The key design issues of the umbilical configuration
are:
 overbending of the umbilical;
 excessive tension at the hang-off location;
 compression in the seabed touchdown region.
 design of a bend stiffener capable of tolerating
large angles;
 ensuring that the umbilical does not clash with the
WEC or with the mooring system.

6.

Conclusions
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