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A B S T R A C T

The need for more robust design of dynamic cables used for power export in floating wind turbine (FWT)
systems is accentuated by the frequent occurrence of power cable failures. Such failures contribute considerably
to the cost of global offshore wind farm losses. Fatigue is often times a critical consideration in the structural
safety of these cables. This is understandably so, given that they experience numerous loading cycles–mainly
induced by the combined action of wind and waves throughout their service life. It is therefore pertinent
that the reliability level attainable by these cables is quantified and elaborated upon. In this paper, a
probabilistic reliability analysis approach is developed to quantify the reliability levels of dynamic power
cables. Uncertainties emanating from the randomness of realistic environmental scatter, geometric and material
variables are all taken into account in this study. To facilitate the computation of the structural demands on the
dynamic power cable, an efficient analytical model was developed. Key aspects such as cable–soil interaction
and boundary-layer phenomenon are captured by the analytical model. Kriging metamodel is then employed
to propagate relevant uncertainties into the reliability problem, making it possible to quantify the reliability
levels of these cables.
1. Introduction

Floating offshore wind no doubt is very much in its infancy. Nev-
ertheless, it is largely viewed as the key to unlocking the largely
untapped rich wind resources available in deep waters. However, with
floating systems comes peculiar challenges, especially considering their
increased compliance to environmental loads. Power export cables for
these systems are therefore more susceptible to failures. Such failures
can be very costly, in terms of grid losses and incurred costs of main-
tenance and repairs. It was reported by GCube Insurance—a leading
renewable energy underwriter, that in a 12 month period, offshore
cabling failures accounted for 55% of overall claims they handled and
around 75% of total claim value (GCube Insurance, 2019). Improving
the design of dynamic power cables for floating wind turbines (FWTs)
is crucial in curbing cabling failures. This was one of the key findings of
Stage II Phase II report (The Carbon Trust, 2020b) of the collaborative
research and development initiative piloted by The Carbon Trust–
the Floating Wind Joint Industry Project, FWJIP (The Carbon Trust,
2020a). Integral to achieving such improved design is the accurate
quantification and improvement of the structural reliability of these
cables. This forms the main motivation for the work done in this paper.

For floating structures, dynamic power cables are a favoured choice
when compared to the simple free hanging catenary configurations.

∗ Corresponding author.
E-mail address: s.sriramula@abdn.ac.uk (S. Sriramula).

They have been shown to perform better than simple free hanging
configurations owing to their decoupling of platform motions (Thies
et al., 2012; Rentschler et al., 2020). Several works on analytical
models for load prediction for pipelines/cables used for offshore oil and
gas applications published in Refs. such as Lenci and Callegari (2005),
Quéau et al. (2013), Wang et al. (2019, 2012), to mention but a few.
There is very limited work in regard to FWT applications. The dynamic
response of a FWT dynamic power cable can be different to a riser
in oil and gas applications because offshore platforms are devoid of
the influence of an actively rotating rotor and control system on their
motion response. However, for FWTs, such aspects can significantly
contribute to platform motions and the resulting loading regimes. Also,
the internal fluid flowing through risers and the associated temperature
can significantly impact their dynamic response (Vásquez and Avila,
2019)—this is not the case for a dynamic power cable attached to a
FWT. Sobhaniasl et al. (2020), Rentschler et al. (2019, 2020), Thies
et al. (2012) are the few examples of studies on dynamic power cables
for FWT systems. Sobhaniasl et al. (2020) carried out fatigue analysis of
a FWT power cable by applying the time history of the total rotor aero-
dynamic load outputted from the numerical code, FAST (Jonkman and
Jonkman, 2016) to an ANSYS AQWA model where the hydrodynamics
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029-8018/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access a

https://doi.org/10.1016/j.oceaneng.2023.114594
Received 6 February 2023; Received in revised form 29 March 2023; Accepted 13
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

April 2023

https://www.elsevier.com/locate/oceaneng
http://www.elsevier.com/locate/oceaneng
mailto:s.sriramula@abdn.ac.uk
https://doi.org/10.1016/j.oceaneng.2023.114594
https://doi.org/10.1016/j.oceaneng.2023.114594
http://crossmark.crossref.org/dialog/?doi=10.1016/j.oceaneng.2023.114594&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Ocean Engineering 278 (2023) 114594S. Okpokparoro and S. Sriramula

t
h
w
o
t
a
i
s
s
a
B
s
a
g
d
o
r

c
e
t
m
c
u
c
l
b
s
o
a
w
e

n
t
a
I
d
T
t
c
S
m
a
c
c
B
p
S
p
i
p
S
a
e
c
t
i
p
f
o

and power cable were modelled. This approach neglects the influence of
the turbine controllers on the structural dynamics of the coupled wind
turbine system. Also, the proprietary software for marine dynamics
modelling, OrcaFlex® has been used for power cable analysis by au-
hors such as Rentschler et al. (2019, 2020), Thies et al. (2012). Use of
igh-fidelity finite element models can be computationally challenging
hen evaluation of the loading regimes for numerous combinations
f environmental states and/or cable configurations is required. It is
herefore imperative to have simplified models capable of quick and
ccurate prediction of the loads acting on the power cable—making
t possible to assess structural reliability and speeding up concept
election. A detailed analysis can then be performed in the final design
tage. Widely used medium-fidelity aero-hydro-servo-elastic codes such
s OpenFAST (Jonkman and Jonkman, 2016), HAWC2 (DTU, 2021) and
laded (Bossanyi, 2015) do not currently allow the addition of non-
tructural components such as dynamic power cables. To this end, an
nalytical model capable of predicting the loads on the power cable
iven time series of platform motions was developed in this paper. The
eveloped analytical model is fast and efficient—suitable for carrying
ut thousands of load evaluations typically required for probabilistic
eliability analysis.

Key aspects in the formulation of the analytical model in this paper
an be found in Lenci and Callegari (2005), Quéau et al. (2013), Wang
t al. (2019, 2012). In these works, the part of the cable resting on
he seabed was considered infinite and the hang-off angle could be
easured before hand. In our study, the touchdown section of the

able is bounded by a finite interval and the hang-off angle is an
nknown parameter to be computed. The developed model is capable of
apturing key aspects such as cable–soil interaction and the boundary-
ayer phenomenon that occurs close to the touchdown point (TDP). The
oundary-layer phenomenon is captured by ensuring the continuity of
hear and bending moment at the TDP via the relaxation of the rigidity
f the seabed and modelling the cable in the boundary-layer region as
beam that supports flexure (Lenci and Callegari, 2005). Comparisons
ith finite element model presented in this paper indicates that the
ffect of bending stiffness in the boundary-layer region is not negligible.

Estimating the fatigue life of FWT’ dynamic cables is a complex and
ontrivial endeavour. Numerous time domain simulations are required
o effectively capture the variability of the environmental conditions
t the site the wind turbine would operate throughout its design life.
n general, the enormity of the computational cost of evaluating the
ynamic responses and resulting fatigue damage of Offshore Wind
urbine (OWT) components is largely attributable to the number of
ime domain simulations required. The number of simulations required
an be more than 50,000 (Vorpahl et al., 2013; Murcia et al., 2018).
urrogate models are gaining attention in the design of FWTs. Surrogate
odels, also referred to as metamodels, are created by constructing
mapping of a relatively few sample points generated from the un-

ertain input variables to their corresponding FWT responses that are
alculated by running the original computationally expensive model.
y so doing, the original complex model can then be effectively re-
laced by the constructed transfer function (Wilkie and Galasso, 2021).
everal surrogate techniques have been employed by researchers for
redicting the nonlinear behaviour of the wind turbine using lim-
ted number of appropriately chosen sample points, such as: Gaussian
rocess modelling (Kriging) (Li and Zhang, 2020; Okpokparoro and
riramula, 2021; Wilkie and Galasso, 2021; Morató et al., 2019; Stieng
nd Muskulus, 2020; Yang et al., 2015), response surface model (Toft
t al., 2016; Murcia et al., 2018), polynomial chaos expansion (Mur-
ia et al., 2018; Stieng and Muskulus, 2020) and machine learning
echniques. In this paper, Kriging model is employed for mapping the
nput random variables to the short term fatigue damage along selected
oints on the dynamic cable. Reliability analysis is then performed by
ormulating appropriate limit state function (LSF) and employing first-
2

rder reliability method (FORM) and second-order reliability method
(SORM) to obtain the failure probability and reliability index of the
dynamic power cable. At the time of writing this paper, no work has
attempted to assess the reliability levels of FWT export power cables.
The analysis conducted in this paper bridges this gap in knowledge.
The reliability framework proposed in this paper only considered fa-
tigue damage under normal turbine operating conditions described by
IEC 61400-3 (IEC, 2019) design load case (DLC) 1.2. A great proportion
of the turbine life is spent in this DLC scenario. Also, dynamic cables
are more susceptible to failure due to fatigue compared to ultimate
loads. However, the methods proposed in this work can be extended to
analyse for extreme conditions. This will be covered in a further study.

2. Computational tools and analytical model development

2.1. Dynamic simulations

The aero-hydro-servo-elastic solver, OpenFAST
(Jonkman and Jonkman, 2016) is used to output time series of platform
displacements and rotations which serve as inputs to the analytical
model. The FWT model used for the analysis is the National Renewable
Energy Laboratory’s (NREL’s) 5-MW baseline offshore turbine mounted
on the OC3-Hywind spar buoy (Jonkman, 2010). The NREL code,
TurbSim (Jonkman and Buhl, 2006) is employed for the generation
of full-field random turbulent wind files needed for each time domain
simulation. Given that the wind file needed at the execution of a Open-
FAST simulation has to be stored in memory, repeated periodic 10-min
long wind files were used to circumvent the huge memory requirements
where 1-hr long simulations are performed in this study. A MATLAB
program is developed for the implementation of the analytical model
of the dynamic power cable.

2.2. Fundamental assumptions of the analytical model

To achieve a computationally efficient implementation with negli-
gible effect on accuracy, the following assumptions were made:

1. Three-dimensional (3D) out-of-plane effects are neglected as the
analytical model is a planar formulation.

2. The seabed is considered to be horizontal, flat and the effect of
seabed friction is ignored.

3. The contribution of the power cable to the structural dynamics of
the FWT system is considered to be negligible, hence a decoupled
analysis can be employed. Results presented in Section 3 show
that this assumption is valid.

4. To simplify the formulation of the analytical model, the axial
deformation of the power cable is neglected. This does not
affect the validity of the model as the axial stiffness has meagre
influence in practical applications.

5. Although hydrodynamic loads including sea current loads are
computed for sub-structural elements of the FWT in OpenFAST,
the analytical model does not consider hydrodynamic loads
acting on the cable.

6. The boundary-layer phenomenon close to the point where the
power cable is attached to the platform as well as at the hog
and sag bends are not considered. Comparison with an FE model
developed in OrcaFlex showed negligible disparity.

The present study’s focus on the development of a fundamental
framework for computationally efficient reliability analysis options ne-
cessitated the highlighted assumptions. The proposed analytical model
for predicting the mechanical characteristics of these cables is an initial

step in this direction.
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Fig. 1. Schematic representation of the 2D planar model.
2.3. Governing equations

The equations discussed in this section describe the set up of a 2D
planar system for the computation of the configuration and mechanical
properties of the lazy-wave dynamic power cable. The transformation
from the 3D system to the 2D planar system is described in Section 2.4.
The 2D planar system is shown in Fig. 1. The global coordinate system
of the planar model (𝑋, 𝑍) is set up such that its origin is at the
touchdown point (TDP) of the cable with the 𝑋-axis increasing from
the TDP to the point where the power cable is attached to the floating
platform (called the hang-off point (HOP)) and 𝑍-axis points vertically
upwards. At the HOP, the cable forms an inclination angle 𝛷ℎ with
the horizontal. From the HOP to the lift point (LP) is the hang-off
section, with a horizontal span 𝑥3. The buoyancy modules are installed
on the cable section bounded by the LP and the drag point (DP) with a
horizontal span 𝑥2–defining the buoyancy section. From the DP to the
boundary-layer end (BLE) is the decline section with horizontal span
of 𝑥1. The boundary-layer section is from the BLE to the TDP with a
horizontal distance of 𝑥𝑏𝑙. The section of the cable resting on the seabed
is called the touchdown section. The horizontal distance for this section
is 𝑥𝑎–distance from the TDP to an anchorage point (AP).

2.3.1. Catenary segment
The catenary segment comprises three parts: the hang-off section

(HOS), the buoyancy section (BS) and the decline section (DS). Each
of these suspended catenary-shaped sections are modelled as beams
with their bending stiffness neglected such that only axial tension is
supported (Lenci and Callegari, 2005; Villaggio, 1997).

The governing equation of the catenary segment is given by Eq. (1).

𝑧′′(𝑥) = 𝛿
√

1 + [𝑧′(𝑥)]2, (𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥3 + 𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (1)

where 𝛿 = 𝑃∕𝑇𝐻 , 𝑃 is the submerged weight per unit length of the
cable and 𝑇𝐻 is the constant horizontal component of the tension 𝑇 .
Eq. (2) gives the slope angle, curvature, and tension respectively.

𝛷(𝑥) = arctan ([𝑧′(𝑥)]); 𝜅(𝑥) = 𝛿3

[𝑧′′(𝑥)]2
; �̃� (𝑥) = 𝑃

𝛿2
𝑧′′(𝑥) (2)

The general solution to Eq. (1) for the hang-off section, buoyancy
section and the decline section are given by Eq. (3), (4) and (5)
respectively.

𝑧ℎ𝑜𝑠(𝑥) = 𝑐1+
1
𝛿1

cosh (𝛿1𝑥 + 𝑐2), (𝑥2+𝑥1+𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥3+𝑥2+𝑥1+𝑥𝑏𝑙) (3)

𝑧𝑏𝑠(𝑥) = 𝑐3 +
1
𝛿2

cosh (𝛿2𝑥 + 𝑐4), (𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (4)

𝑧𝑑𝑠(𝑥) = 𝑐5 +
1 cosh (𝛿3𝑥 + 𝑐6), (𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥1 + 𝑥𝑏𝑙) (5)
3

𝛿3
where 𝑥1–𝑥3, 𝑥𝑏𝑙, 𝛿1–𝛿3 and 𝑐1–𝑐6 are unknowns. Given that the catenary
cable does not support flexure, the bending moment (�̃�) is approxi-
mated as the product of bending stiffness 𝐸𝐼 and curvature 𝜅 while
shear (�̃�) is approximated as the differentiation of the bending moment
as shown in the following equations:

�̃�(𝑥) = 𝐸𝐼𝛿3

[𝑧′′(𝑥)]2
; �̃�(𝑥) = 𝑑�̃�

𝑑𝑠
= 𝑑�̃�

𝑑𝑥
𝑑𝑥
𝑑𝑠

(6)

where 𝑠 is the arc length. To further evaluate the expression for shear,
consider that 𝑑𝑠2 = 𝑑𝑥2 + 𝑑𝑧2. This gives 𝑑𝑥∕𝑑𝑠 = (1 + [𝑧′(𝑥)]2)−

1
2 . We

can then obtain the shear as: �̃�(𝑥) = −2𝐸𝐼𝛿6[𝑧′(𝑥)][𝑧′′(𝑥)]−4. Thus, the
bending moment, shear and tension for the three sections are given as
follows:

�̃�ℎ𝑜𝑠(𝑥) =
𝐸𝐼𝛿31

[𝑧′′ℎ𝑜𝑠(𝑥)]
2
, (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥3 + 𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (7)

�̃�𝑏𝑠(𝑥) =
𝐸𝐼𝛿32

[𝑧′′𝑏𝑠(𝑥)]
2
, (𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (8)

�̃�𝑑𝑠(𝑥) =
𝐸𝐼𝛿33

[𝑧′′𝑑𝑠(𝑥)]
2
, (𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥1 + 𝑥𝑏𝑙) (9)

�̃�ℎ𝑜𝑠(𝑥) = −2𝐸𝐼𝛿61
𝑧′ℎ𝑜𝑠(𝑥)

[𝑧′′ℎ𝑜𝑠(𝑥)]
4
, (𝑥2+𝑥1+𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥3+𝑥2+𝑥1+𝑥𝑏𝑙) (10)

�̃�𝑏𝑠(𝑥) = −2𝐸𝐼𝛿62
𝑧′𝑏𝑠(𝑥)

[𝑧′′𝑏𝑠(𝑥)]
4
, (𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (11)

�̃�𝑑𝑠(𝑥) = −2𝐸𝐼𝛿63
𝑧′𝑑𝑠(𝑥)

[𝑧′′𝑑𝑠(𝑥)]
4
, (𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥1 + 𝑥𝑏𝑙) (12)

�̃�ℎ𝑜𝑠(𝑥) =
𝑃
𝛿21
𝑧′′ℎ𝑜𝑠(𝑥), (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥3 + 𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (13)

�̃�𝑏𝑠(𝑥) =
𝑃𝑏
𝛿22
𝑧′′𝑏𝑠(𝑥), (𝑥1 + 𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) (14)

�̃�𝑑𝑠(𝑥) =
𝑃
𝛿23
𝑧′′𝑑𝑠(𝑥), (𝑥𝑏𝑙) ≤ 𝑥 ≤ (𝑥1 + 𝑥𝑏𝑙) (15)

For the three sections, the equivalent bending stiffness 𝐸𝐼 is taken
as the same value. The submerged weight of the buoyancy section
𝑃𝑏 points vertically upwards while the hang-off catenary and decline
section all have the same submerged weight 𝑃 which acts vertically
downwards.

2.3.2. Boundary-layer section
The Boundary-layer section is the section located between the TDP

and the drag point (DP) which spans an unknown interval 𝑥𝑏𝑙 such
that the inclination slope is small. The tension 𝑇𝑏𝑙 for this section is
assumed constant as the change in tension can be neglected (Croll,
2000). Within the interval 𝑥 , the boundary phenomenon is significant
𝑏𝑙
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hence the linear deformation beam theory is used in order to ensure the
continuity of bending moment and shear at TDP—taking into account
the influence of the cable’s bending stiffness. The governing equation
for the boundary-layer section is derived as:

𝐸𝐼𝑧′′′′𝑏𝑙 (𝑥) − 𝑇𝑏𝑙𝑧
′′
𝑏𝑙(𝑥) = 𝑃 , 0 ≤ 𝑥 ≤ 𝑥𝑏𝑙 (16)

The general solution of Eq. (16) is given by Eq. (17) while the bend-
ing moment and shear for the boundary-layer section are computed
according to Eq. (18) and (19) respectively.

𝑧𝑏𝑙(𝑥) = − 𝑃
2𝑇𝑏𝑙

𝑥2 + 𝑐7 + 𝑐8𝑥+ 𝑐9 sinh(𝛾𝑥) + 𝑐10 cosh(𝛾𝑥), 0 ≤ 𝑥 ≤ 𝑥𝑏𝑙 (17)

𝑀𝑏𝑙(𝑥) = −𝐸𝐼𝑧′′𝑏𝑙(𝑥), 0 ≤ 𝑥 ≤ 𝑥𝑏𝑙 (18)

𝑆𝑏𝑙(𝑥) = −𝐸𝐼𝑧′′′𝑏𝑙 (𝑥), 0 ≤ 𝑥 ≤ 𝑥𝑏𝑙 (19)

here 𝑥𝑏𝑙, 𝑇𝑏𝑙, 𝑐7–𝑐9 are unknowns and 𝛾 =
√

𝑇𝑏𝑙
𝐸𝐼 .

2.3.3. Touchdown section
The touchdown section models the part of the power cable resting

on the seafloor i.e. from the TDP to the attachment point (AP) where
the power cable is connected to a joint box, spanning 𝑥𝑎 in length. The
cable–soil interaction in this section is simplified by ignoring seabed
friction and modelling the seabed with an elastic Winkler-type de-
formable soil model while the power cable in this section is considered
in the framework of linear deformation beam theory. A zoomed in view
of the touchdown zone—showing how the power cable is embedded in
the soil, is depicted in Fig. 2. The governing equation of touchdown
section is thus derived as the fourth-order ordinary differential equation
given by Eq. (20).

𝐸𝐼𝑧′′′′𝑡𝑑 (𝑥) − 𝑇𝑏𝑙𝑧′′𝑡𝑑 (𝑥) + 𝜇𝑧𝑡𝑑 (𝑥) = 𝑃 , 𝑥 ≤ 0 (20)

where 𝜇 is elastic stiffness of the soil (a value of 100 kPa is used in this
study). Since frictional effect is neglected, the traction is constant along
the beam. The general solution of Eq. (20) is given in Eq. (21) for which
a real solution can only be obtained when the condition 𝑇𝑏𝑙 ≤ 2

√

𝐸𝐼𝜇
s met—this condition was always satisfied in the computations done
n this work.

𝑡𝑑 (𝑥) =
𝑃
𝜇

+ 𝑐11 𝑒𝛼𝑥 cos(𝛽𝑥) + 𝑐12 𝑒𝛼𝑥 sin(𝛽𝑥)

+ 𝑐13 𝑒−𝛼𝑥 cos(𝛽𝑥) + 𝑐14 𝑒−𝛼𝑥 sin(𝛽𝑥), 𝑥𝑎 ≤ 𝑥 ≤ 0
(21)

where 𝑐11–𝑐14 are the unknown coefficients, 𝛼 = 1
2

√

2
√

𝜇
𝐸𝐼 + 𝑇𝑏𝑙

𝐸𝐼 and

= 1
√

2
√

𝜇 − 𝑇𝑏𝑙 .
4

2 𝐸𝐼 𝐸𝐼 [
Authors such as Lenci and Callegari (2005), Wang et al. (2019)
adopted the approach of considering the elastic seabed on the negative
side of the TDP to be infinite and as such the pipe laid on the seabed
in their studies was treated as an infinite beam with the embedment
depth, 𝑑 = 𝑃∕𝜇 as 𝑥 ←←→ −∞. With this, the coefficients 𝑐13 and 𝑐14 vanish
from Eq. (21). For this study, we have a finite distance of 𝑥𝑎 from the

DP to AP and as such the full Eq. (21) is employed. If the mechanical
roperty of the part of the power cable close to the anchorage is not
onsidered to be a design driver (this area is expected to experience
egligible cyclic loading and bending unlike the section around the
ouchdown zone and the suspended parts), then such reduced form of
q. (21) can be used. Initial studies not presented here however showed
sing the reduced form of Eq. (21) amounts to same results up to a short
istance from AP.

The bending moment and shear for this section can be obtained with
q. (22) and (23) respectively.

𝑡𝑑 (𝑥) = −𝐸𝐼𝑧′′𝑡𝑑 (𝑥), 𝑥𝑎 ≤ 𝑥 ≤ 0 (22)

𝑡𝑑 (𝑥) = −𝐸𝐼𝑧′′′𝑡𝑑 (𝑥), 𝑥𝑎 ≤ 𝑥 ≤ 0 (23)

.4. Computation of horizontal and vertical separation

The vertical and horizontal separation i.e. 𝑍𝑇 the distance from
OP to the seabed and 𝑋𝑇 the distance from HOP to AP are required

nputs for the computation of the configuration and mechanical prop-
rties of the dynamic power cable. First, using the platform rigid body
otions outputted from OpenFAST, we compute the position vector of

he HOP relative to OpenFAST inertial reference frame. The OpenFAST
nertial reference frame is represented here as (𝑋0, 𝑌 0, 𝑍0)–the set
f orthogonal axes of the inertial reference frame with the 𝑋0𝑌 0-
lane designating the Still Water Level (SWL) and the 𝑍0-axis pointing
pwards along the centerline of the undisplaced Spar platform and in
pposite direction to gravity (Jonkman, 2010). The computation of the
osition of the HOP in the 𝑋0, 𝑌 0, 𝑍0 frame is done using Eq. (24).
eaders can refer to Spong et al. (2006) for details of coordinate trans-

ormation and formulation of rotation matrix which are not repeated
ere for sake of brevity.

0 = 𝑅0
1𝑝

1 + 𝑑01 (24)

here 𝑝0 is the column vector describing the position of the HOP
elative to the inertial reference frame, 𝑝1 is the position vector of
he HOP relative to the platform reference frame (for this study, 𝑝1 =
0, 0,−120]𝑇 ), 𝑅0 is the platform rotation matrix given in Eq. (25) and
1



Ocean Engineering 278 (2023) 114594S. Okpokparoro and S. Sriramula

E

𝑆

−
t
w

𝑓

T

𝑑01 is the row vector whose elements are the platform translational
surge, sway and heave motions.

𝐑𝟎
𝟏 =

⎛

⎜

⎜

⎜

⎝

cos𝜓 cos 𝜃 cos𝜓 sin 𝜃 sin𝜙 − sin𝜓 cos𝜙 cos𝜓 sin 𝜃 cos𝜙 + sin𝜓 sin𝜙
sin𝜓 cos 𝜃 sin𝜙 sin 𝜃 sin𝜙 + cos𝜓 cos𝜙 sin𝜓 sin 𝜃 cos𝜙 − cos𝜓 sin𝜙
− sin 𝜃 cos 𝜃 sin𝜙 cos 𝜃 cos𝜙

⎞

⎟

⎟

⎟

⎠

(25)

where 𝜙, 𝜃, 𝜓 are the platform roll, pitch, and yaw Euler angles. With 𝑝0
calculated, we can obtain the vertical separation 𝑍𝑇 and the horizontal
separation 𝑋𝑇 with Eq. (26) and (27) respectively.

𝑍𝑇 = (𝑝0 − 𝑥0𝐴𝑃 ) ⋅ 𝑧 (26)

𝑋𝑇 =
√

|𝑝0 − 𝑥0𝐴𝑃 |
2 −𝑍2

𝑇 (27)

where 𝑥0𝐴𝑃 is the position vector of the fixed point AP relative to
the inertial reference frame (in this study 𝑥0𝐴𝑃 = [400, 0,−320]) and
𝑧 = [0, 0, 1]𝑇 (unit vector pointing vertically upwards).

2.5. Boundary conditions (BCs)

The governing equations described in Section 2.3 amount to 22
unknowns: 𝑐1–𝑐14, 𝛿1–𝛿3, 𝑥1–𝑥3, 𝑥𝑏𝑙, 𝑇𝑏𝑙 which can be determined by
boundary conditions. At the HOP, the elevation from the seabed is
known as 𝑍𝑇 . Assuming that the hang-off angle, 𝛷ℎ is known, we obtain
the BCs in Eq. (28) according to the global coordinate system (𝑋, 𝑍).

𝐻𝑂𝑃

⎧

⎪

⎨

⎪

⎩

𝑧ℎ𝑜𝑠(𝑥1 + 𝑥2 + 𝑥3 + 𝑥𝑏𝑙) = 𝑍𝑇
𝑧′ℎ𝑜𝑠(𝑥1 + 𝑥2 + 𝑥3 + 𝑥𝑏𝑙) = tan(𝛷ℎ)
𝑀ℎ𝑜𝑠(𝑥1 + 𝑥2 + 𝑥3 + 𝑥𝑏𝑙) = 0

(28)

At the LP and DP, the continuity of displacement, inclination angle,
curvature and tension is guaranteed according to the global coordinate
system (𝑋, 𝑍) given by the equations below:

𝐿𝑃

⎧

⎪

⎨

⎪

⎩

𝑧ℎ𝑜𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙) = 𝑧𝑏𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙)
𝑧′ℎ𝑜𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙) = 𝑧′𝑏𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙)
𝑇ℎ𝑜𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙) = 𝑇𝑏𝑠(𝑥2 + 𝑥1 + 𝑥𝑏𝑙)

(29)

𝐷𝑃

⎧

⎪

⎨

⎪

⎩

𝑧𝑏𝑠(𝑥1 + 𝑥𝑏𝑙) = 𝑧𝑑𝑠(𝑥1 + 𝑥𝑏𝑙)
𝑧′𝑏𝑠(𝑥1 + 𝑥𝑏𝑙) = 𝑧′𝑑𝑠(𝑥1 + 𝑥𝑏𝑙)
𝑇𝑏𝑠(𝑥1 + 𝑥𝑏𝑙) = 𝑇𝑑𝑠(𝑥1 + 𝑥𝑏𝑙)

(30)

For the BLE, the continuity of displacement, inclination angle,
curvature, shear and tension is guaranteed according to the global
coordinate system (𝑋, 𝑍) given by the equations below:

𝐵𝐿𝐸

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

𝑧𝑑𝑠(𝑥𝑏𝑙) = −𝑧𝑏𝑙(𝑥𝑏𝑙)
𝑧′𝑑𝑠(𝑥𝑏𝑙) = −𝑧′𝑏𝑙(𝑥𝑏𝑙)
𝑀𝑑𝑠(𝑥𝑏𝑙) =𝑀𝑏𝑙(𝑥𝑏𝑙)
𝑆𝑑𝑠(𝑥𝑏𝑙) = 𝑆𝑏𝑙(𝑥𝑏𝑙)
𝑇𝑑𝑠(𝑥𝑏𝑙) = 𝑇𝑏𝑙

(31)

At the TDP also, the continuity of displacement, inclination angle,
curvature and shear is guaranteed according to the global coordinate
system (𝑋, 𝑍) given by the equations below:

𝑇𝐷𝑃

⎧

⎪

⎪

⎨

⎪

⎪

⎩

𝑧𝑏𝑙(0) = 𝑧𝑡𝑑 (0) = 0
𝑧′𝑏𝑙(0) = 𝑧′𝑡𝑑 (0)
𝑀𝑏𝑙(0) =𝑀𝑡𝑑 (0)
𝑆𝑏𝑙(0) = 𝑆𝑡𝑑 (0)

(32)

Finally at AP, from the displacement we obtain:

𝐴𝑃
{

−𝑧𝑡𝑑 (𝑥1 + 𝑥2 + 𝑥3 + 𝑥𝑏𝑙 −𝑋𝑇 ) = 0, (33)

Recall Fig. 1, where it can be seen that [𝑥 + 𝑥 + 𝑥 + 𝑥 −𝑋 ] = 𝑥 .
5

1 2 3 𝑏𝑙 𝑇 𝑎 𝑓
Two additional equations are needed to solve the highly nonlinear
system of equations. These are derived by considering that the total
arc length of the hang-off catenary 𝑆ℎ𝑜𝑠 and that of the buoyancy
catenary 𝑆𝑏𝑠 are known and are assumed to be inextensible. Since
𝑑𝑠2 = 𝑑𝑥2 + 𝑑𝑧2, we can then obtain:
𝑑𝑠
𝑑𝑥

=
√

1 + [𝑧′(𝑥)]2

For the hang-off catenary section, [𝑧′ℎ𝑜𝑠(𝑥)]
2 = sinh2 (𝛿1𝑥 + 𝑐2), applying

the trigonometrical relationship sinh2 (𝛿1𝑥 + 𝑐2) = cosh2 (𝛿1𝑥 + 𝑐2) − 1,
we derive:
𝑑𝑠
𝑑𝑥

=
√

cosh2 (𝛿1𝑥 + 𝑐2) = cosh (𝛿1𝑥 + 𝑐2)

The arc length of the hang-off catenary can then be formulated as the
definite integral from (𝑥2 + 𝑥1 + 𝑥𝑏𝑙) to (𝑥3 + 𝑥2 + 𝑥1 + 𝑥𝑏𝑙) as shown in
q. (34) below:

ℎ𝑜𝑠 = ∫

(𝑥3+𝑥2+𝑥1+𝑥𝑏𝑙 )

(𝑥2+𝑥1+𝑥𝑏𝑙 )
cosh (𝛿1𝑥 + 𝑐2) 𝑑𝑥

= 1
𝛿1

(

sinh(𝑐2 + [𝑥3 + 𝑥2 + 𝑥1 + 𝑥𝑏𝑙]𝛿1) − sinh(𝑐2 + [𝑥2 + 𝑥1 + 𝑥𝑏𝑙]𝛿1)
)

(34)

Similarly we can obtain the total arc length of the buoyancy catenary
as:

𝑆𝑏𝑠 = ∫

(𝑥2+𝑥1+𝑥𝑏𝑙 )

(𝑥1+𝑥𝑏𝑙 )
cosh (𝛿2𝑥 + 𝑐4) 𝑑𝑥

= 1
𝛿2

(

sinh(𝑐4 + [𝑥2 + 𝑥1 + 𝑥𝑏𝑙]𝛿2) − sinh(𝑐4 + [𝑥1 + 𝑥𝑏𝑙]𝛿2)
)

(35)

With Eq. (28)–(35) we can solve for the 22 unknowns if the hang-off
inclination 𝛷ℎ is known a priori. However, 𝛷ℎ in Eq. (28) is unknown.
The solution method for obtaining all the unknowns is presented in the
next section.

2.6. Solution algorithm

The system of equations presented in Section 2.5 is highly nonlinear
and no explicit solution can be found. The methodology developed for
solving this nonlinear system of equations is discussed subsequently
with a flowchart of the solution scheme presented in Fig. 3. Let us
assume for now that 𝛷ℎ is known. By applying algebraic manipula-
tions, the system of 22 equations can be simplified to a system of
3 equations. Firstly, with the BCs at AP and TDP, the coefficients
𝑐7, 𝑐8, 𝑐9, 𝑐11, 𝑐12, and 𝑐13 are expressed in terms of 𝑐10, 𝑇𝑏𝑙 and 𝑥𝑎, with
𝑐14 = 0 (Note 𝑥𝑎 = (𝑥1 + 𝑥2 + 𝑥3 + 𝑥𝑏𝑙) −𝑋𝑇 and using algebraic manip-
ulations of equations within Eq. (30)–(35), 𝑥1, 𝑥2, 𝑥3 are expressed in
terms of 𝛿3 and 𝛷ℎ). From 𝑇𝑑𝑠(𝑥𝑏𝑙) = 𝑇𝑏𝑙 at the BLE, we obtain cosh(𝑐6+
𝑥𝑏𝑙𝛿3) = (𝑇𝑏𝑙𝛿3)∕𝑃 . Substituting this into 𝑀𝑑𝑠(𝑥𝑏𝑙) =𝑀𝑏𝑙(𝑥𝑏𝑙), we derive
𝑧′′𝑏𝑙 = 𝑃 2∕(𝛿3𝑇 2) from which 𝑐10 = 𝑐10(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3). In similitude with

he derivation of the core problem done in Lenci and Callegari (2005),
e derive Eq. (36) and (37) from the BLE BCs as:

1(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3) = 𝑧′′𝑏𝑙(𝑥𝑏𝑙)
√

1 + [𝑧′𝑏𝑙(𝑥𝑏𝑙)]
2 + 𝑃

𝑇𝑏𝑙
= 0 (36)

𝑓2(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3) = 𝑧′′′𝑏𝑙 (𝑥𝑏𝑙) + 2 𝑧′𝑏𝑙(𝑥𝑏𝑙)[𝑧
′′
𝑏𝑙(𝑥𝑏𝑙)]

2 = 0 (37)

o derive the third equation required, we equate 2 expressions for 𝑐5:

1. At BLE, 𝑐5(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3) = −(𝑇𝑏𝑙∕𝑃 ) − 𝑧𝑏𝑙(𝑥𝑏𝑙), obtained by substi-
tuting cosh(𝑐6 + 𝑥𝑏𝑙𝛿3) = (𝑇𝑏𝑙𝛿3)∕𝑃 into 𝑧𝑑𝑠(𝑥𝑏𝑙) = −𝑧𝑏𝑙(𝑥𝑏𝑙) and
solving for 𝑐5.

2. Using Eq. (30)–(35) we obtain 𝑐5(𝛿3, 𝛷ℎ). Again, by assuming 𝛷ℎ
is known, then 𝑐5 = 𝑐5(𝛿3)

The third equation is given thus:

(38)
3(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3) = −[(𝑇𝑏𝑙∕𝑃 ) + 𝑧𝑏𝑙(𝑥𝑏𝑙) + 𝑐5(𝛿3)]
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Fig. 3. Flow scheme of the solution procedure.

In this study, Newton–Raphson method is employed in solving
Eq. (36)–(38). The error threshold 𝜖1 = 𝜖2 = 𝜖3 = 1 × 10−7 is compared
to evaluations of 𝑓1, 𝑓2, 𝑓3 respectively to check the solution accuracy.

In reality, 𝛷ℎ is not known. To obtain the value of 𝛷ℎ, a value
within the range 80◦–89◦ is first assumed, it is then adjusted until the
computed total arc length of the power cable (𝑆∗

ℎ𝑜𝑠+𝑆
∗
𝑏𝑠+𝑆

∗
𝑑𝑠+𝑆

∗
𝑏𝑙+𝑆

∗
𝑡𝑑)

matches the known total arc length 𝑆𝑇 with an error less than 𝜖4
(𝜖4 = 1 × 10−6). The function evaluated is represented by Eq. (39):

𝑓4(𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3) = 𝑆𝑇 − (𝑆∗
ℎ𝑜𝑠 + 𝑆

∗
𝑏𝑠 + 𝑆

∗
𝑑𝑠 + 𝑆

∗
𝑏𝑙 + 𝑆

∗
𝑡𝑑 ) (39)

where 𝑆∗
ℎ𝑜𝑠, 𝑆

∗
𝑏𝑠, and 𝑆∗

𝑑𝑠 are computed arc lengths for respective sec-
tions given 𝑇𝑏𝑙 , 𝑥𝑏𝑙 , 𝛿3 with similar formulation as Eq. (34) (since ob-
taining the required integrals is straightforward). For the arc lengths of
the boundary-layer and touch down sections, the integration presented
by ∫

√

1 + [𝑧′𝑏𝑙(𝑥)]
2𝑑𝑥 and ∫

√

1 + [𝑧′𝑡𝑑 (𝑥)]
2𝑑𝑥 respectively is difficult

to solve, with Taylor series approximation not converging in most
cases. Using discrete points, an arc length finding algorithm deployed
as a MATLAB function call is employed in computing 𝑆∗

𝑏𝑙 and 𝑆∗
𝑡𝑑 . The

whole process takes around 3 min on an Intel (R) Core (TM) computer
with specification: i5-8250U, 1.60 GHz, and 8G RAM. When compared
with an OrcaFlex FEM model, the scheme presented here estimates 𝛷ℎ
values to less than 0.1% difference from those computed by OrcaFlex
(further comparisons are presented in Section 3).

A bilinear interpolation in similitude with those used by OrcaFlex
Software (Orcina LTD, 2016) for solution of analytical line is employed.
First a solution grid in space is established. The analytical model is then
used to obtain 𝑓 𝑖𝑛(𝑋,𝑍) for each point on the grid such that 𝑓 𝑖𝑛(𝑋,𝑍)
is a function that takes the horizontal and vertical cable separation as
arguments and outputs 𝑖 cable particular at a given arc length 𝑛. Using
these functions, we then employ bilinear interpolation to compute the
cable loads at selected arc lengths.

This enables easy and quick transformation of time series of plat-
form motions outputted by OpenFAST into any chosen cable loading at
selected arc lengths.

3. Model verification

The developed analytical model is applied to the NREL’s 5MW wind
turbine (Jonkman et al., 2009) mounted on the OC3-Hywind spar-
type platform (Jonkman, 2010). For brevity sake, the parameters of
6

Table 1
Dynamic power cable properties.
Source: 2-armoured cable properties adapted from Ref. Martinelli et al. (2010).

Property Unit 2-Armoured
cable

Buoyancy
section

Outside diameter m 0.2 0.4
Submerged weight N/m 390 −237
Bending Stiffness kNm2 10 10
Axial stiffness MN 700 700
Minimum breaking load kN 100 100
Minimum bending radius m 2 2
Maximum allowable curvature m−1 0.5 0.5

Fig. 4. OrcaFlex representation of the FWT model with dynamic power cable.

the turbine are not repeated here, readers can refer to Jonkman et al.
(2009), Jonkman (2010) for details. The spar buoy is a ballast stabilized
slender draft hull with catenary mooring system for station keeping.
The OC3-Hywind spar-supported FWT is suitable for water depths in
the 200 m to 700 m range. For this study, analysis are performed with a
water depth of 320 m. The properties of the power export cable which
is attached to the platform are given in Table 1. The FWT and power
cable are depicted in the OrcaFlex model shown in Fig. 4. The total
length of the power cable in this study (𝑆𝑇 ) is 550 m. The length of
the hang-off section (𝑆ℎ𝑜𝑠) is 150 m while the length of the buoyancy
section (𝑆𝑏𝑠) is 100 m. As mentioned in Section 2.4, the power cable
HOP is located at (0 m, 0 m,−120 m)–the base of the spar platform, and
the cable anchorage at the seabed is located at (400 m, 0 m,−320 m).

The assumption that the power cable does not significantly influ-
ence the dynamic response of the FWT system is the basis on which
a decoupled analysis is employed. To investigate the strength of this
assumption, two dynamic simulations with the same turbulent wind
file and sea state as inputs are conducted in OrcaFlex. The mean wind
speed at hub height is 10 m/s and the turbulence model is the IEC
Extreme Turbulence Model (ETM). The wave height is 10 m and the
peak period is 12 s. One model has the dynamic power cable attached
to the platform while the other model does not have a power cable. A
comparison between the platform motions for both cases is presented
in Fig. 5.

The platform motions in Fig. 5 are transformed to horizontal and
vertical separation of the cable and plotted in Fig. 6.

From Figs. 5 and 6, it is clear that the power cable has negligible
influence on the dynamic response of the FWT system. The percent-
age error between the vertical and horizontal separation of the cable
attachment point for the two cases (plotted in Fig. 6) are on average
< 1%. Hence, a decoupled analysis is justified. Consequently, the same
approach is continued for the surrogate-based reliability quantification
proposed in this paper.

To verify the accuracy of the analytical model described in Sec-
tions 2.3–2.6, a comparison with an OrcaFlex FEM model is presented.
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d

Fig. 5. Platform motions. The blue solid line is for the case where the FWT is modelled without a power cable and the red dashed line is the case where the power cable is
modelled.
Fig. 6. Horizontal and vertical separation of the power cable attachment point. The blue solid line is for the case where the FWT is modelled without a power cable and the red
ashed line is the case where the power cable is modelled.
Fig. 7. (a) Lazy-wave configuration and (b) Effective Tension plotted against horizontal distance from HOP.
The lazy-wave configuration obtained with the proposed analytical
model is compared to those obtained by OrcaFlex FE model in Fig. 7(a).
This shows close match between both models. Fig. 7(b) shows the
effective tension of the power cable, also showing good agreement
between the two models.

The overestimation of the bending moment at TDP by Analytical
model 2—where the entire length of the power cable is modelled with
7

catenary equations is shown in Fig. 8. In Fig. 8 Analytical model 1 is the
model described in this work and we can see that the model predicts the
bending moment better than the use of full catenary implementation.

To further validate the use of the analytical model and subsequent
bilinear interpolation, a comparison is presented in Fig. 9. The results in
Fig. 9 are obtained with platform surge, sway and heave displacements
as 22.22m, −0.3779m and −0.4931m respectively while the roll, pitch
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Fig. 8. Bending moment plotted against horizontal distance from HOP.
Fig. 9. (a) Effective Tension; (b) Bending curvature plotted against [0 m ∶ 1 m ∶ 400 m] arc length.
Fig. 10. Comparison of time series of hang-off angle.
4

c
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p
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and yaw rotations are 0.1793◦, 4.289◦ and 0.01954◦ respectively. In
ig. 9, the effective tension and bending curvature are plotted for 400 m
rc length measured from the HOP with 1 m increments.

The good match shown in Fig. 9 further validates the proposed
pproach and amounts to easy transformation of OpenFAST platform
otion time series into time series of any chosen cable particulars.
sing the time series of instantaneous motion of the spar platform
utputted from OpenFAST, we compute the static state at each time
tep in OrcaFlex and with the analytical model as well. A comparison of
he computed hang-off inclination from both models is given in Fig. 10.
s shown in Fig. 10, the computed hang-off inclination for each time-
tep closely matches those computed by OrcaFlex, giving more validity
o the proposed approach.

Overall, the methodology proposed in this paper leads to estima-
ions of power cable loading that are on average 8% different from FE
odel by OrcaFlex but with significant computational savings.
8

h

. Site specific environmental conditions

For accurate fatigue damage estimation, site specific environmental
onditions have to be modelled and the resulting loads computed.
specially as floating wind turbines are exposed to a large variety
f environmental conditions which contribute to the accumulation of
amage at different rates throughout the lifetime of the turbine. In
rinciple, one needs the site’s long-term joint probability distribu-
ion model of relevant environmental parameters—capturing important
ultivariate dependencies as well. Simply put, it is essential to have an

ccurate model of the joint environmental conditions at the proposed
ite of deployment in order to obtain robust fatigue estimation that
uarantees the safety and reliability of the turbine through out its
ervice life.

The joint probabilistic model of wind and wave established by Jo-
annessen et al. (2001) for sites in the northern North sea is adopted
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Fig. 11. Scatter plots and histograms of 20-year continuous MCS samples of 𝑈𝑤, 𝐻𝑠 and 𝑇𝑝.
Fig. 12. Histogram showing occurrences of mean wind speed and wave height bins.
for the fatigue analysis presented in this paper. This joint distribution
model is given by Eq. (40).

𝑓𝑈𝑤𝐻𝑠𝑇𝑝 = 𝑓𝑈𝑤 (𝑈𝑤) ⋅ 𝑓𝐻𝑠|𝑈𝑤 (𝐻𝑠|𝑈𝑤) ⋅ 𝑓𝑇𝑝|𝑈𝑤𝐻𝑠
(𝑇𝑝|𝑈𝑤,𝐻𝑠) (40)

where 𝑓 (⋅) is the probability distribution function.

The long-term distribution of wind and wave directions are not
included in the probabilistic model of the environment. Hence, the
influence of wind/wave directionality are ignored in the analysis con-
ducted in this paper. Wind and wave are assumed to act in the same
direction and are collinear. The marginal and conditional distributions
that make up the joint probability distribution model in Eq. (40) are
presented in Johannessen et al. (2001) and are not repeated here for
sake of conciseness. Fig. 11 shows scatter plots and histograms of 𝑈𝑤,
𝐻𝑠 and 𝑇𝑝 samples generated from the joint environmental model. The
dependencies between the environmental variables are visualized by
the scatter plots in Fig. 11.

Also, the samples of the environmental variables are sorted into
bins with bin sizes of 2 m∕s for mean wind speed, 0.5 m for significant
wave height and 0.5 s for peak spectral period. The joint occurrences of
mean wind speed and significant wave height is shown in Fig. 12 while
Fig. 13 shows the joint occurrence of significant wave height and peak
spectral period.
9

For mean wind speed and significant wave height, the 4 m∕s−6 m∕s
mean wind speed bin with the 2 m − 2.5 m wave height bin have the
highest frequency of occurrence of 6458. For significant wave height
and peak spectral period, the 2 m−2.5 m wave height bin with the 8.5 s−
9 s peak spectral period bin was the most frequent with occurrence of
2581.

5. Fatigue damage evaluation

5.1. Strain computation and 𝜖-N curve

The main components of the power cable which are most susceptible
to fatigue damage are the conductors, usually made of pure Electrolytic
Tough Pitch (ETP) copper. Although copper has excellent conductivity,
it has poor mechanical properties, which includes creeping or stress-
relaxation and a stress–strain behaviour that is non-linear (Karlsen
et al., 2009; Karlsen, 2010). Based on the creep and tensile properties
of ETP copper which necessitates the consideration of the effect of
plastic straining in the fatigue analysis of the conductor, Karlsen (2010)
posited that an 𝜖-N (strain versus number of cycles to failure) fatigue
curve is better suited for fatigue analysis of the copper conductor than
the traditional S-N (stress versus number of cycles to failure) curve. An
𝜖-N curve accounts for both elastic strain (𝜖 ) and plastic strain (𝜖 ). It
𝑒 𝑝
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Fig. 13. Histogram showing occurrences of wave height and peak period bins.
Fig. 14. Strain vs. Number of cycles for ETP copper conductor.
Source: Adapted from Karlsen et al. (2009).
can be expressed according to the Coffin–Manson relationship (Dieter
and Bacon, 1986) given by Eq. (41).

𝜖(𝑁𝑐𝑦𝑐𝑙𝑒𝑠) = 𝜖𝑒(𝑁𝑐𝑦𝑐𝑙𝑒𝑠) + 𝜖𝑝(𝑁𝑐𝑦𝑐𝑙𝑒𝑠) = 𝐶1𝑁
−𝛽1
𝑐𝑦𝑐𝑙𝑒𝑠 + 𝐶2𝑁

−𝛽2
𝑐𝑦𝑐𝑙𝑒𝑠 (41)

where 𝜖(𝑁𝑐𝑦𝑐𝑙𝑒𝑠) is the strain amplitude resulting in failure at 𝑁𝑐𝑦𝑐𝑙𝑒𝑠,
and 𝐶1, 𝐶2, 𝛽1 and 𝛽2 are material constants. The values of 𝐶1, 𝐶2, 𝛽1 and
𝛽2 for a typical power export cable for FWT application are given
in Thies et al. (2012) as 𝐶1 = 0.7692, 𝐶2 = 0.0219, 𝛽1 = 0.5879 and 𝛽2 =
0.1745. The 𝜖-N curve is reproduced here as shown in Fig. 14 and forms
the basis for the fatigue analysis performed in this paper.

Using the computational model described in Section 2, the time
series of platform motions from OpenFAST simulations of DLC1.2 of
IEC 61400-3 (IEC, 2005) are transformed to time series of curvature
and axial tension for points 0 m ∶ 1 m ∶ 400 m arc lengths of the power
cable, from which strain time series, 𝜖(𝑡) are computed according to
Eq. (42).

𝜖(𝑡) =
[

𝜅(𝑡)
(

𝐷𝑒
2

)

+
𝑁(𝑡)
𝐸𝐴

]

(42)

where 𝜅 is the bending curvature, 𝐸𝐴 is axial stiffness (𝐸𝐴 = 700𝑀𝑁),
𝐷𝑒 is the cable’s effective diameter and 𝑁 is axial tension. It takes
around 2 s to transform a 3600 s long platform motion time series from
OpenFAST to time series of effective tension, curvature and strain for
the 400 discrete points along the cable. Fig. 15 shows such time series
for 137 m arc length (this point is in the sag bend area).
10
For Fig. 15, 𝐷𝑒 was set to the cable’s outer diameter, 𝑂𝐷. The
environmental conditions are hub wind speed of 9.9 m∕s, significant
wave height of 2.2 m and peak period of 8 s.

In the reliability analysis conducted in this paper, the effective
diameter of the cable (𝐷𝑒) is treated as a random parameter. This is
to account for uncertainty in determining the friction factor between
wires. It was posited by Karlsen (2010) that the cable deformation (𝜖)
would be between that of an imaginary ideal case of zero friction and
that of an imaginary case of extreme friction as given by Eq. (43):

𝜅
𝐷𝑒
2
< 𝜖 < 𝜅 𝑂𝐷

2
(43)

where 𝜅 is the bending curvature. A fraction of the cable’s outer
diameter has to be chosen as 𝐷𝑒 so as to fall within the boundaries
of Eq. (43). An analysis is conducted in Section 6.2 to investigate the
sensitivity of lifetime cable damage to the fraction of the cable’s outer
diameter used for calculating 𝐷𝑒.

5.2. Short-term fatigue damage of power export cable

Applying the computational frameworks developed in Section 2,
the time series of platform motions from OpenFAST simulations are
transformed to time series of curvature and axial tension for points
0 m ∶ 1 m ∶ 400 m arc lengths of the power cable, from which strain
time series are computed. Given that the strain time series are irregular,
Rainflow counting is employed to break down the fluctuations in the
strain time series to individual hysteresis cycles. Considering the work



Ocean Engineering 278 (2023) 114594S. Okpokparoro and S. Sriramula

w
t

b
f

𝑁

w
r
s

𝐷
t
b
T
𝜎

5

i
r

𝐷

Fig. 15. Time series of effective tension, bending curvature and elastic strain for arc length 137 m from the HOP.
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of Bathias (Bathias, 1999), the strain level below which the amplitudes
from Rainflow counting are neglected is lowered to a small value of
0.01%. In other words, infinite fatigue life is assumed for strain ampli-
tudes less than this threshold. Also, Goodman correction is applied to
the strain amplitudes using an ultimate strain value of 1%.

After Rainflow counting, short-term fatigue damage (fatigue dam-
age valid for the simulation time) is then computed by applying Miner’s
cumulative damage model according to Eq. (44).

𝐷𝑗 =
∑

𝑖

1
𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝑖 (𝜖𝑖)

(44)

here 𝜖𝑖 is the 𝑖th strain amplitude, and 𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝑖 is the number of cycles
o failure for 𝜖𝑖.

For a chosen number of cycles 𝑁𝑒𝑞 , the short-term damage given
y Eq. (44) can be converted to damage equivalent stress with the
ollowing computations. First we consider the expressions below:

𝑒𝑞 ⋅
1

𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄
=
∑

𝑖

1
𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝑖 (𝜖𝑖)

(45)

Eq. (45) can then be expressed in terms of 𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄 as:

𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄 =
𝑁𝑒𝑞

∑

𝑖
1

𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝑖 (𝜖𝑖)

=
𝑁𝑒𝑞

𝐷𝑗
(46)

here 𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄 is the number of cycles corresponding to the strain
ange 𝜖𝐸𝑄 which causes the same amount of damage as the real strain
pectrum with several strain levels.

Since, 𝑁𝑒𝑞 can be chosen arbitrarily (in this study 𝑁𝑒𝑞 = 3600), and
𝑗 can be computed, a value for 𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄 can thus be obtained. Using

he value of 𝑁𝑐𝑦𝑐𝑙𝑒𝑠𝐸𝑄 , the damage equivalent strain, 𝜖𝐸𝑄 is estimated
y numerically solving the nonlinear relationship given by Eq. Eq. (41).
his damage equivalent strain is converted to damage equivalent stress
𝐸𝑄 by multiplying with Young’s Modulus, 𝐸 = 128 GPa.

.3. Long-term fatigue damage

The long-term fatigue damage can be computed by taking the
ntegral of the short-term damage over the joint distribution of input
andom variables 𝑋 as given below:

𝐿𝑖𝑓𝑒 =
𝑇𝐿𝑖𝑓𝑒

𝑇𝑠𝑖𝑚 ⋅𝑁𝑠𝑒𝑒𝑑𝑠
𝑃𝑙𝑐𝛼𝑝𝑤𝑟 ∫

∞

−∞
𝐷(𝑋)𝑓 (𝑋𝑒𝑛𝑣)𝑑𝑥 (47)

where 𝑋 comprises environmental input variables 𝑋𝑒𝑛𝑣 described in
Section 4 and material and geometric random variables. Table 2 sum-
marizes the input random variables used in this study. The parameter

𝑇𝐿𝑖𝑓𝑒
𝑇𝑠𝑖𝑚⋅𝑁𝑠𝑒𝑒𝑑𝑠

is a scaling factor, converting from simulation time (𝑇𝑠𝑖𝑚 ×
𝑁𝑠𝑒𝑒𝑑𝑠) to a design lifetime (𝑇𝐿𝑖𝑓𝑒). The parameter 𝑇𝑠𝑖𝑚 is the length
of the time series used for Rainflow counting, while 𝑁𝑠𝑒𝑒𝑑𝑠 is the
number of wind/wave seeds used, which is six. The lifetime, 𝑇 =
11

𝐿𝑖𝑓𝑒
365 × 24 × 3600 s, corresponds to annual lifetime in seconds. The
frequency of occurrence of the environmental states is 𝑓 (𝑋𝑒𝑛𝑣), 𝑃𝑙𝑐
is the probability of occurrence of the considered load case (power
production load case), and 𝛼𝑝𝑤𝑟 is the availability factor. Adding 𝑃𝑙𝑐
to the formulation accounts for the amount of time the environmental
conditions fall within those prescribed for the power production load
case. The availability term, 𝛼𝑝𝑤𝑟 accounts for the proportion of time
within this environmental window that a turbine is technically capable
of producing power. Typically current offshore wind farms achieve
availability around 90% (Hassan, 2013). This value is assumed to be
the availability of the studied wind turbine.

The integral in Eq. (47) can be approximated with Monte Carlo
simulations as the arithmetic mean given below:

𝐷𝐿𝑖𝑓𝑒 =
𝑇𝐿𝑖𝑓𝑒

𝑇𝑠𝑖𝑚 ⋅𝑁𝑠𝑒𝑒𝑑𝑠

1
𝑁
𝑃𝑙𝑐𝛼

𝑁
∑

𝑗
𝐷(𝑋𝑗 ) (48)

n this work, 2,000,000 samples are used (i.e 𝑁 = 2, 000, 000) for eval-
ating Eq. (48). The samples are drawn using Monte Carlo Sampling
MCS) of the distributions of environmental, material and geometric
ncertainties given in Table 2. For each sample point, the trained
nd validated Kriging metamodel (discussed in Section 6.2) is used
o predict the corresponding short term damage equivalent stress,
𝑘𝑟𝑖𝑔 . To account for uncertainties which encumber the accuracy of
he computation of 𝜎𝑘𝑟𝑖𝑔 , unique realizations from the distributions of
elevant uncertainties (discussed subsequently and given in Table 2)
re used as multipliers on 𝜎𝑘𝑟𝑖𝑔 to give 𝜎𝐸𝑄 as described in Eq. (49).
nce these uncertainties have been applied, using 𝜎𝐸𝑄, the procedure
escribed in Section 5.2 is reversed to obtain the short term fatigue
amage for each sample point. From the short term fatigue damage,
ong term damage is obtained with Eq. (48).

𝐸𝑄 = 𝜎𝑘𝑟𝑖𝑔 ⋅ (𝑋𝑑𝑦𝑛𝑋𝑠𝑡𝑟𝑋𝑒𝑥𝑝𝑋𝑎𝑒𝑟𝑜𝑋ℎ𝑦𝑑𝑜) (49)

here 𝑋𝑑𝑦𝑛 is the uncertainty related to dynamic response modelling
f the wind turbine which covers uncertainty in eigenfrequencies and
amping ratios, 𝑋𝑠𝑡𝑟 models uncertainty related to the computation
f load-effects, 𝑋𝑒𝑥𝑝 accounts for uncertainty associated with site as-
essment such as topography and terrain roughness. The use of quasi-
teady Blade Element Momentum (BEM) theory and assessment of
erodynamic drag and lift coefficients introduces uncertainty which
s modelled by 𝑋𝑎𝑒𝑟𝑜 while uncertainty related to the assessment of
ydrodynamic drag and inertia coefficients is modelled by 𝑋ℎ𝑦𝑑𝑟𝑜.
he uncertainties in Eq. (49) are classed as epistemic uncertainties–
ncertainties that arise from insufficient knowledge of the considered
ystem or the environment (Sørensen and Toft, 2010).

The uncertainty related to the use of six wind and waves seeds
n the dynamic aero-servo-elastic simulations used for training the
riging metamodel is captured by 𝑋𝑠𝑒𝑒𝑑𝑠 and is applied to the lifetime
amage in Section 7. This was established from outputs of a previous
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Table 2
Random variables used for surrogate model training and fatigue reliability analysis.

Variable Dist Ref Dep Parameters

Mean wind speed, 𝑈𝑤 W Johannessen et al.
(2001)

– 𝛼 = 1.708, 𝛽 = 8.426

Significant wave height, 𝐻𝑠 W Johannessen et al.
(2001)

𝑈𝑤 –

Peak spectral period, 𝑇𝑝 LN Johannessen et al.
(2001)

𝑈𝑤, 𝐻𝑠 –

Tower Young’s modulus, 𝐸𝑡 N Yang et al. (2015),
Jonkman (2010)

– 𝜇 = 210 GPa, 𝐶𝑜𝑉 = 0.05

Tower base thickness, 𝑡𝑡 N Yang et al. (2015),
Jonkman (2010)

– 𝜇 = 0.027 m, 𝐶𝑜𝑉 = 0.03

Tower density, 𝜌𝑡 N Yang et al. (2015),
Jonkman (2010)

– 𝜇 = 8500 kg∕m3, 𝐶𝑜𝑉 = 0.05

Mooring diameter, 𝐷𝑚 N Jonkman (2010) – 𝜇 = 0.09 m, 𝐶𝑜𝑉 = 0.03
Power cable effective diameter, 𝐷𝑒 N N/A – 𝜇 = 𝑓𝑂𝐷 × 0.2 m, 𝐶𝑜𝑉 = 0.03
Exposure (terrain), 𝑋𝑒𝑥𝑝 LN Abdallah et al. (2015) – 𝜇 = 1, 𝐶𝑜𝑉 = 0.1
Structural dynamics, 𝑋𝑑𝑦𝑛 LN Tarp-Johansen

(2005), Abdallah
et al. (2015)

– 𝜇 = 1, 𝐶𝑜𝑉 = 0.05

Aerodynamic parameters, 𝑋𝑎𝑒𝑟𝑜 LN Tarp-Johansen
(2005), Abdallah
et al. (2015)

– 𝜇 = 1, 𝐶𝑜𝑉 = 0.1

Hydrodynamic parameters, 𝑋ℎ𝑦𝑑𝑟𝑜 LN Tarp-Johansen
(2005), Abdallah
et al. (2015)

– 𝜇 = 1, 𝐶𝑜𝑉 = 0.1

Use of six wind/wave seeds, 𝑋𝑠𝑒𝑒𝑑𝑠 N N/A – 𝜇 = 1.057, 𝐶𝑜𝑉 = 0.246
Stress concentration factor, 𝑋𝑆𝐶𝐹 N DNV (2015), Ambühl

et al. (2015)
– 𝜇 = 1, 𝐶𝑜𝑉 = 0.1

Fatigue resistance, 𝑋𝛿 LN Veritas and Lloyd
(2010)

– 𝜇 = 1.05, 𝑆𝐷 = 0.32

Dist: Distribution; Ref: Reference; Dep: Dependency; N: Normal; LN: Lognormal;
W: Weibull;D: Deterministic; 𝛼 : Shape parameter; 𝛽: Scale parameter;
𝜇: Mean; CoV: Coefficient of variation ; 𝑓𝑂𝐷 = [45% ∶ 5% ∶ 95%].
study (Okpokparoro and Sriramula, 2020). On the structural capacity
side of the limit state formulation used for the estimation of failure
probability presented in Section 7, the random variable, 𝑋𝛿 is used to
model the uncertainty in fatigue damage resistance.

6. Kriging modelling

Kriging metamodel is used to predict the value of the short-term
damage equivalent stress 𝜎𝑘𝑟𝑖𝑔(𝒙 = [𝑈𝑤,𝐻𝑠, 𝑇𝑝, 𝐸𝑡, 𝑡𝑡, 𝜌𝑡, 𝐷𝑚, 𝐷𝑒]) which
otherwise is computationally expensive to evaluate. Only a brief de-
scription is provided here. Copious details can be found in Santner
et al. (2003), Lataniotis et al. (2015). The Kriging estimator is described
by Eq. (50).

𝑌 ∗(𝒙) = 𝜷𝑇 𝒇 (𝒙) +𝑍(𝒙) (50)

where 𝑌 ∗(𝒙) is the Kriging estimate, i.e. 𝜎𝐸𝑄(𝒙) in this paper. The first
term on the right hand side of Eq. (50) is the mean value or trend of the
output consisting of𝑁 basis functions 𝑓𝑖; 𝑖 = 1,… , 𝑁 and corresponding
regression coefficients 𝛽𝑖; 𝑖 = 1,… , 𝑁 . Given in Eq. (51) and (52), are
the trends for the ordinary Kriging and universal Kriging metamodels
respectively. The simple Kriging is not covered for sake of brevity.

𝜷𝑇 𝒇 (𝒙) = 𝛽0 (51)

𝜷𝑇 𝒇 (𝒙) =
𝑁
∑

𝑡=0
𝛽𝑡𝑓𝑡(𝑥) (52)

In the ordinary Kriging, the trend has a constant but unknown value.
For universal Kriging, the trend is assumed to be a linear combination
of arbitrary functions which can be linear, quadratic or any polynomial.
The second term in Eq. (50) represents the Gaussian process described
by a zero mean, variance 𝜎2 and covariance given by Eq. (53).

𝐶𝑜𝑣(𝒙,𝒙′) = 𝜎2𝑅(𝒙,𝒙′,𝜽) (53)
12
where 𝑅 represents the correlation function having associated hyper-
parameters 𝜽. The correlation function 𝑅 describes the correlation
between 𝒙 and 𝒙′.

The Kriging module contained in the framework for uncertainty
quantification toolbox developed by UQLab (Lataniotis et al., 2015),
is used in this study. The toolbox provides options for optimization of
Kriging hyper-parameters. Readers can refer to Lataniotis et al. (2015)
for details.

6.1. Kriging model training and validation

The Kriging model employed in this study is trained using a training
set of 2500 sample points. An additional set of 100 sample points
and a separate set of 1000 samples are generated and used for cal-
ibrating the Kriging model and validating the generalization capa-
bility of the trained model. The samples are drawn using the vari-
ance reducing Latin Hypercube Sampling (LHS) method (Shields and
Zhang, 2016). The training sample size of 2500 was chosen based
on satisfying the condition that maximum Normalized Root Mean
Squared Error (NRMSE) with the validation set is < 1%. Each sam-
ple point is a realization of the vector of input random variables
([𝑈𝑤,𝐻𝑠, 𝑇𝑝, 𝐸𝑡, 𝑡𝑡, 𝜌𝑡, 𝐷𝑚, 𝐷𝑒]) and requires running six aero-hydro-
servo-elastic simulations of 10-minutes duration in OpenFAST given six
wind/wave seeds are used. These simulations are conducted following
the set up for DLC1.2 in IEC 61400-3 (IEC, 2005). The analytical model
developed in this paper is then used to estimate the strain time histories
from which damage equivalent stress is computed.

In order to select a suitable Kriging model, the set of hyper-
parameters that maximize the likelihood of observations is estimated
using maximum likelihood method for different trends. The choice
of appropriate trend, correlation function and sample size is a key
challenge in calibration of the Kriging model. A combinatorial method
similar to that employed by Morató et al. (2019), Slot et al. (2020),
Okpokparoro and Sriramula (2021) is employed here in calibrating the
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Fig. 16. Comparison of the performance of Kriging trends and correlation functions for
equivalent stress range prediction at (a) Cable hog bend (arc length of 135 m, 𝑆135 m);
b) Cable sag bend (arc length of 178 m, 𝑆178 m); and (c) Cable touch down point (arc
ength of 292 m, 𝑆292 m).

riging models. A comparison is made for combinations of Ordinary
riging and universal Kriging (linear and quadratic trends) against
atérn-3/2, Matérn-5/2 and exponential in Fig. 16.

Overall, the Matérn-3/2 with a linear trend gave the best results for
ower equivalent stress range predictions. For the mooring lines, the
atérn-5/2 with a quadratic trend amounted to the best Kriging model
hile on average the Matérn-3/2 with a quadratic trend amounted

o the best predictive performance of the Kriging models. Using the
alibrated Kriging models, predictions are made on an input data set
omprising 1000 sample points for model testing.

One to one comparisons between the Kriging predictions and the
alidation data is presented in Fig. 17 . Also included in these plots
re the computed NRMSE and the Coefficient of Determination (𝑅2).

On average, from the 𝑅2 values, the Kriging model explains more than
99.9% of the variability in the turbine responses considered. So also,
very low NRMSE of ≈< 1% are computed. This is a demonstration of
he validity of the calibrated Kriging model.

.2. Kriging for lifetime damage evaluation

The lifetime damage, 𝐷𝐿𝑖𝑓𝑒 of the cable is evaluated by integrating
over the input domain (as described in Section 5.3 and given by
Eq. (47)). The trained and adequately calibrated Kriging metamodel
is used to approximate the short-term damage equivalent stress. This
damage equivalent stress is then converted to short-term fatigue dam-
age used in Eq. (47). The calculated values of 𝐷𝐿𝑖𝑓𝑒 at arc length 135 m,
178 m and 292 m (points in the hog bend, sag bend and touch down zone
of the cable respectively) are presented in Fig. 18(a). Case 1 represents
a situation where all relevant uncertainties in Table 2 are accounted
for in the computation of 𝐷𝐿𝑖𝑓𝑒. In Case 2, only the environmental
variability is modelled. The effective cable diameter was taken as 50%
of the cable’s OD which amounted to a very conservative estimate of
the fatigue damage. Fig. 18(b) shows the variation of annual fatigue
damage with 𝐷𝑒

𝑂𝐷 .
It is worth noting that accounting for relevant uncertainties as

n Case 1 of Fig. 18(a) gave higher lifetime damage compared to a
ase where only environmental uncertainties are considered. The Case

values of 𝐷𝐿𝑖𝑓𝑒 are subsequently used for the evaluation of the
robability of failure. Also, from Fig. 18(b), it is observed that using
ess than 60% of the cable’s 𝑂𝐷 amounted to very conservative annual
amage values. The severest damage as expected was for 𝐷𝑒

𝑂𝐷 = 0.95.
Thus, in the reliability analysis of the power cable conducted in the
next section, the mean value of 𝐷𝑒 is set as 95% of the cable’s 𝑂𝐷. The
corresponding annual damage is 0.0218. This value is comparable to
the outcomes of Sobhaniasl et al. (2020) within the assumptions of the
respective studies. It was decided to use this worst case as the friction
factor between the wires in this study is unknown.
13

o

7. Reliability analysis

The probability of failure during 𝑛 years of operation can be repre-
sented as:

𝑃𝑓 = 𝑃
[

𝑋𝛿 ≤
(

𝑋𝑠𝑒𝑒𝑑𝑠 ⋅ 𝑛 ⋅𝐷𝐿𝑖𝑓𝑒
)]

(54)

where 𝑋𝑠𝑒𝑒𝑑𝑠 models the uncertainty related to the use of a given
wind/wave seeds, 𝑋𝛿 is the fatigue resistance, and 𝐷𝐿𝑖𝑓𝑒 is the cor-
responding 1-year fatigue damage for the considered structural compo-
nent. The failure probability can also be expressed as:

𝑃𝑓 = 𝑃 [𝑔 ≤ 0] (55)

where 𝑔 is the limit state function given by: 𝑔 = 𝑋𝛿 − (𝑋𝑠𝑒𝑒𝑑𝑠 ⋅ 𝑛 ⋅𝐷𝐿𝑖𝑓𝑒).
The limit state function 𝑔 can be evaluated by structural reliability
methods such as First/Second Order Reliability Method, FORM/SORM,
Monte Carlo Simulation (MCS), importance sampling etc. The reliability
index, 𝛽 can be obtained with Eq. (56).

𝛽 = −𝛷−1(𝑃𝑓 ) (56)

where 𝛷−1(⋅) is the inverse of the standard normal cumulative distri-
bution function. Readers can refer to Madsen et al. (2006) for copious
details of structural reliability methods as these are not presented here
for brevity sake. In this paper, FORM, SORM and MCS are employed.
The annual and cumulative failure probability of the power cable at the
hog bend is presented in Fig. 19.

The three structural reliability methods (FORM, SORM and MCS)
show good agreement as can be seen in Fig. 19. The temporal evolution
of cable’s reliability index computed from the cumulative failure prob-
abilities is shown in Fig. 20. The failure probability of the power cable
remained below target levels up until year 13. This value increases to
14 years when material and geometric uncertainties are ignored.

The values of 𝛽1 and 𝛽2 in Fig. 20 differed by as much as 33%. These
esults show that the non-inclusion of material and geometric uncer-
ainties in the estimation of reliability levels can amount to increased
eliability levels which might not reflect reality. The results presented
ere do not account for dynamic effects and wave/current loading on
he cable. This is due to the limitations of the quasi-static analytical
odel employed. Such effects can significantly increase fatigue damage

nd should be considered in final design stages using more robust
odels.

. Conclusions

In this paper, an analytical model for the design of lazy-wave
ynamic power cables is developed. The analytical model was shown to
e capable of capturing important phenomena such as boundary-layer
henomenon and cable–soil interaction. Verification of the analytical
odel was done with comparison against FE model developed with the
idely used offshore industry commercial tool, OrcaFlex. The proposed
odel showed good agreement—predicted values usually fall within
% difference from OrcaFlex estimations. The efficient evaluation of
he cable particulars from platform motion time series outputted by
he aero-hydro-servo-elastic codes like OpenFAST or any other solver,
mplies huge computational savings and can be very useful in initial
esign phases for configuration optimization and model selection as
ell as for reliability analysis as demonstrated in this paper.

The reliability assessment presented here entailed the estimation
f accumulated lifetime damage arising from uncertain environmental
oading as well as randomness in material and geometric parameters.
riging surrogate models were used to approximate short-term damage
quivalent stress, enabling the integration of damage over the joint
istribution of input random variables. The Kriging model showed good
redictive ability, achieving 𝑅2 values around 99.9% and very low
RMSE of ≈< 1%. The reliability level of the power cable in terms

f failure probability and reliability index was assessed afterwards.
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Fig. 17. Cross validation plots of cable short-term equivalent stress range for (a) Cable hog bend (arc length of 135 m, 𝑆135 m); (b) Cable sag bend (arc length of 178 m, 𝑆178 m);
and (c) Cable touch down point (arc length of 292 m, 𝑆292 m).
Fig. 18. (a) Annual damage (𝐷𝑒 = 0.5𝑂𝐷) (b) Annual fatigue damage as a function of 𝐷𝑒

𝑂𝐷
.

Fig. 19. (A) Cable annual failure probability; (B) Cable cumulative failure probability.

he cable was shown to fail at year 13 of operation when relevant
ncertainties are considered. The cumulative failure probability after
5 years was greater than 25%. This is very high and is consistent with
he frequent occurrence of power cable failures common in offshore
ind farms. The methodology presented in this paper will no doubt
nable the evaluation of the reliability levels attainable by dynamic
14
Fig. 20. Temporal evolution of cable’s reliability index. Subscript 1 denotes a case
where material and geometric uncertainties are modelled; 2 denotes the case where
only environmental uncertainty is captured.

power cables under site-specific metocean conditions. Extending the
probabilistic reliability approach presented here with more robust cable
models (capable of considering current and wave loads on the cable)
will be helpful for final design phases and the calibration of partial
safety factors for dynamic power cable design. To achieve a robust
pathway for reliability quantification, the follow-up studies are now
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focusing on improving the cable model, addressing the influence of
ancillary structures (such as the lump mass and pontoons) on dynamic
cable reliability as well as the cable response sensitivity to simulation
length.
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