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Abstract: Marine power cables connected to moving devices at sea may experience millions of load
cycles per year, and thus they need to be flexible due to the movements of the cable and designed for
mechanical loads. In this study, the focus is on the mechanical life of flexible low- and medium voltage
power cables connecting devices to hubs. The reliability design method Variational Mode and Effect
Analysis (VMEA) is applied, based on identifying and quantifying different types of uncertainty
sources, including scatter, model and statistical uncertainties. It implements a load—strength approach
that combines numerical simulations to assess the loads on the cable and experimental tests to
assess the strength of the cable. The VMEA method is demonstrated for an evaluation of bending
fatigue, and is found to be a useful tool to evaluate uncertainties in fatigue life for WEC (Wave
Energy Converter) system cables during the design phase. The results give a firm foundation for the
evaluation of safety against fatigue and are also helpful for identifying weak spots in the reliability
assessment, thereby motivating actions in the improvement process. Uncertainties in terms of scatter,
statistical uncertainty and model uncertainty are evaluated with respect to the WaveEL 3.0, a WEC
designed by the company Waves4Power, and deployed in Runde, Norway. A major contribution to
the overall uncertainty is found to originate from the fatigue life model, both in terms of scatter and
model uncertainty.

Keywords: experimental test; fatigue life; numerical simulation; power cable; reliability; uncertainty;
VMEA (Variation Mode and Effect Analysis); wave energy

1. Introduction

The increased focus on sustainable energy production is a driving force for marine area
energy utilization, including offshore wind, wave energy, and tidal energy. The major use
of marine power cables has shifted from supplying power to isolated offshore facilities, to-
wards the connection of offshore array systems with a broader field for utilization [1]. There
are concerns related to the reliability and long-term serviceability of marine cables [2-5].
Examples of application areas include connecting grids internationally [6] and intercon-
necting wind turbine generators in offshore wind farms. In the current investigation the
focus is on low-voltage power cables for wave energy converters (WECs), which can extract
energy from waves. To increase their economic viability, WECs are designed to be grouped
into arrays to maximize energy production [7], and power cables transfer the energy from
the WECs to a central hub, from which it is then transmitted ashore.

The freely hanging dynamic cables used for WECs are flexible in bending and torsion,
with low stiffness properties to cope with the dynamic loads, while the axial stiffness must
be designed to handle large axial tension loads. The structural integrity of the flexible power
cable is influenced by fatigue damage caused by fluctuating loads due to motions of the
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WEC and the hub, and also due to direct loads along the cable caused by the environmental
waves, currents, and wind. In view of cost-effectiveness, reliable fatigue life predictions
for the cable are essential. The typical flexible power cable consists of several layers
combined in a cylindrical or a helical configuration, which leads to complex mechanical
behavior [8]. The analyses must include the whole wave energy system, including all
mechanical couplings, to consider all these mechanical loads.

Previous research has developed a numerical approach to analyze mechanical loads
and fatigue life [9]. It has also presented valuable data on cable curvature under real envi-
ronmental conditions in the petroleum industry [10]. However, relevant field experiences in
marine renewable energy are lacking. There is a need to develop a methodology to enhance
the reliability and fatigue life assessment process of flexible power cables for WECs.

Failure Mode and Effect Analysis (FMEA) is often used in industry to achieve re-
liable mechanical systems and components design [11]. FMEA focuses on identifying
and eliminating known or potential failures. However, it is a qualitative method, and it
does not measure the resulting reliability. The failure modes are most often triggered by
unwanted variation [12], thus a general design philosophy has been developed, including
all different sources of unavoidable variation. This reliability and robust design method-
ology, called Variation Mode and Effect Analysis (VMEA), was first presented in [13,14]
and was further developed in [15-17]. A more general presentation of the methodology
is found in [18-22]. The VMEA method concept takes into account quantitative measures
of failure causes. The method is based on statistics, reliability, and robust design, which
can guide engineers to identify critical areas of unwanted variation. The technique has
been successfully implemented for fatigue design and maintenance in the automotive and
aeronautic industries [16,17], as well as in the marine energy field [22-24]. A main uncer-
tainty in failure analysis of WECs is the shortage of knowledge and experiment data [9],
which makes assessment design difficult. An effective reliability method must thus be
able to take “lack of experience” into account. The VMEA method can combine different
types of uncertainties and is applied in this study addressing the fatigue design of flexible
power cables.

The flexible power cable used in this study is a low-voltage power cable mounted
on the full-scale floating point-absorber WEC prototype WaveEL 3.0, developed by the
company Waves4Power, see [25] for details. The WaveEL 3.0 has been deployed in Runde,
Norway; see Figure 1 (right). An illustration of the WaveEL 3.0 system installation is shown
in Figure 1 (left). The mooring system consists of three mooring legs. Each mooring leg has
two segments connected by a submerged floater. Gravity anchors are used to fix the WEC
to the seabed. The cable is freely hanging and transfers power from the WEC to a hub. The
WEC and the hub are both equipped with bend restrictors to protect the cable from large
bending movements of loads that may cause deformation and clashing [26]. The design
service life of the WEC system is over 25 years.

— Seawater

Seabed| hoasaam ot SeTiifooswales

Figure 1. (Left) Illustration of the WaveEL 3.0 installation in Runde: (1) gravity anchor, (2) segment of
a mooring line, (3) floater, (4) WEC, (5) cable, (6) hub, (7) bending restrictor, and (right) the full-scale
WaveEL 3.0 system (photograph taken by the fourth author).
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The life and ageing of cables mainly depend on chemical, electrical, and mechanical
properties, and degradation. Cable manufacturers typically perform life testing and evalua-
tion giving attention to chemical and electrical degradation [26]. The focus of this study is
the fatigue life of dynamic cables subjected to repeated load cycles. The work aims to adapt
and apply the VMEA methodology to quantify all uncertainty sources for life predictions
of cables used in WEC array systems. Experimental tests and numerical simulations are
used for quantification, and the method is demonstrated with an evaluation of bending
fatigue life.

The next section introduces methodologies for numerical simulation of cable motion,
fatigue life, and VMEA. The VMEA analysis results of the fatigue damage evaluation are
presented in the third section, including the fatigue life model of the cable, the analysis of
its uncertainties, the numerical simulation model, and the sensitivity of cable properties. A
discussion and the conclusions close the paper.

2. Methodology

In this study of wave energy application, the focus is on cable fatigue life due to
mechanical loads. The dynamic cable was subjected to repeated load cycles with varying
bending, tension, and rotation loads, resulting in mechanical stress histories. The fatigue
calculation followed the typical life evaluation process for wave energy converters cable [27].
It involved the input of marine loads, numerical simulation of WECs system, and the fatigue
life model; see Figure 2. The dominant failure mode was altered according to the different
platforms, cables and locations. Initial modelling of the dynamic cable and the surrounding
system indicated that the bending load dominated this study. Thus, the most critical failure
mode for the mechanical life of the dynamic cable was assumed to be caused by the bending
loads on the cable.

. Numerical Stress 4 A
Marine load : 2 : Fatigue life
simulation analysis of
assessment wave force model
t model cable
curren responses

wind

Accumulated
fatigue damage
calculation

Figure 2. The typical life evaluation process for a wave energy converter cable.

The study has an emphasis on models used in numerical simulations, fatigue analysis
and statistical assessment. The models used in the numerical simulations of the WEC
system, and for fatigue damage calculation of the cable, have been validated in previous
research work by the authors. Section 2.1 presents a brief overview of these studies,
followed by a description of each model in Figure 2 in Sections 2.2-2.4.

2.1. Full-Scale Measurements on WaveEL 3.0 and Power Cable Fatigue Tests

The design of a numerical simulation model of a WEC system such as WaveEL 3.0
requires an understanding of the physics that can be represented by commercial software,
in order to accurately capture the real physics ultimately affecting the motion responses
of the WEC and its components, and the force responses in e.g., the power cable and the
mooring lines. The simulation procedure (including the numerical simulation models) in
this study was validated against WEC model tests (on a WEC system similar to WaveEL 3.0)
carried out in model scale in a laboratory ocean basin [25,27]. There are, however, scaling
effects that need to be considered between model and full scale. The representation and
modelling of environmental loads (e.g., wave, wind, and ocean current) at full scale are
also more challenging compared to model test conditions.
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Ringsberg et al. [28] presented results from a full-scale measurement campaign on
Waves4Power’s WaveEL 3.0 WEC, deployed at a test site off the coast of Runde, Norway:.
The measurement campaign lasted from June to November 2017. The WEC system was
instrumented with several sensors and equipment that recorded several factors, such as
the WEC’s motions and position, axial forces in the mooring lines, the power performance
of the WEC, and the responses of the power cable from the WEC to the power-collecting
hub; see Figure 1. The authors designed a simulation model of this WEC system, based
on the simulation procedure validated in [25,27] and presented a comparison between
the full-scale measurements and the numerical simulations regarding WEC motions and
mooring-line forces. It was found that the measured and simulated WEC motion responses
were in good agreement, as were the measured and simulated axial forces in the mooring
lines. The numerical simulation results of the mooring-line forces were mostly 10% higher
than the measurements, which was within an acceptable range of error due to uncertainties
in system instrumentation, environmental conditions and tidal influence that changed
the pre-tension force of the mooring lines. Therefore, the predictability of the numerical
simulation model of WaveEL 3.0 was found to be good.

As part of the measurement campaign, the motions in a short segment of the power
cable were recorded. Unfortunately, the resolution of the recorded data was not sufficient
to compare with the results from the numerical simulation model. Nevertheless, it was
possible to see that it was subjected to repeated motions resulting in load cycles with
varying bending, tension, and rotation loads, resulting in mechanical stress histories that
fatigue the power cable. According to [26], for wave energy applications with a power
cable between the buoy and the hub, the cyclic variation of axial and bending stresses is
the essential cause of the power cable’s fatigue damage, where the bending stress often
dominates the cyclic total stress.

A test rig generating a rotating-bending cyclic load was developed to simulate a
large number of load cycles for the cable in a short time; see the test setup illustrated in
Figure 3. The cable was subjected to a rotational cycle at the lower end A attached to a rail,
while the upper end B of the cable was fixed. When the rail rotated around a vertical axis
through point B, end A was rotated one turn back around the horizontal axis by utilizing
a mechanical drive to avoid torque along the cable. This design allowed the required
measurements of conductivity to be performed during testing. The cable was bent 90°.
The rig permitted the radius R to be mechanically adjusted in the interval from 400 to
800 mm, defined as the distance from the connection point to the intersection point as
Figure 3 shows. The test rig was set to operate at a frequency of about 2 Hz because of the
internal heating limitation. The interruption criterion was interpreted as either survival
after a large number of cycles which was considered as run-out, or when a failure criterion
was achieved. The run-out level was decided to be 8,600,000 cycles, while an increase in
electrical resistance of 15% was stated as the failure criterion. Electrical resistance was
calculated by the voltage drop at a fixed electrical current, at this voltage drop many of the
copper threads should have failed due to fatigue.

A numerical simulation model of the test rig was presented in [29]. It presented a
methodology for modelling umbilical power cables, which was verified against a bench-
mark study in the literature. In the same study, the power cable used in the current study
was used in the numerical model of the test rig setup. A comparison of results from the
real fatigue tests verified the numerical models of the test rig and the power cable. To
summarize, the numerical simulation model of the WEC system used in the study was
validated in model scale in [25,27], verified against a full-scale installation in [28], and the
numerical model of the dynamic power cable was verified in [29].
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Figure 3. The test rig setup with cable mounted. The cable is fixed at the top, and the rotating end is

L

controlled via a mechanical drive visible at the bottom of the picture (A and B are end points, see the
text for clarification).

2.2. Numerical Simulation of Cable Motion

The numerical model of WaveEL 3.0 was used in the simulations, with the commercial
software package DNV GL SESAM [30,31]. Due to the coupling between the components of
the WEC system, the time-domain coupled simulation procedure was adopted to solve the
motions of all components in the WEC system simultaneously, considering the interactions
between the WEC buoy, the mooring lines, and the power cable. The coupled simulation
model was developed and adapted to the Runde test-site conditions and installation [25,28].

2.3. Fatigue Life Model

A fatigue model evaluates fatigue tests and performs damage calculation for simulated
loads. In this study, a Basquin-like relation was considered in conjunction with the linear
Miner rule for damage accumulation; cycle amplitudes were resolved using the rainflow
method. This provides a conservative damage calculation compared to using, for example,
fatigue limit or the Haibach approach. In the fatigue life model, the number of cycles to
failure N is related to the stress amplitude S following the Basquin equation:

where S represents the fatigue strength (in terms of stress amplitude) at Ny cycles, here
selected as Ny = 1 x 10°.

2.4. Variation Mode and Effect Analysis

VMEA is a probabilistic method that studies the variation and uncertainty around a
nominal design, and an adaption to marine energy applications is found in [22]. Based
on all variation and uncertainty sources, the methodology determines a statistically based
safety factor that, together with an optional additional safety factor based on engineering
risk judgments, gives an overall safety factor against eventual failure. The statistical safety
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factor is constructed through a confidence interval, which is determined from an overall
standard deviation of the defined target function. The standard deviation is generally
obtained from the square root of overall variance, which can be calculated using Gauss’s
approximation formula. It gives the variance of the target function f as the sum of variance
contributions from different influencing variables x;, each described by its variance together
with its influence of the target, employing its sensitivity coefficient c;; see Equation (2).

Var|[f(xq,x2,...,%n)] = ZC%Var[xi} + Cov )
i=1

where the last term is the covariances between the influencing variables. The covariances
need to be included when relevant, however, in most cases they can be neglected or be
avoided by a re-parametrization of the model. This probabilistic approach represents a
first-order, second-moment reliability method.

The VMEA method progresses through three different design phases; see Figure 4.
The first and crudest approximation is called the “basic” VMEA, and is used in the early
design phase when little is known about variations. The standard deviations and sensitivity
coefficients are simply replaced by scores, on a scale from 1 to 10, based on engineering
judgments about uncertainty and sensitivity, respectively. The refinement process in
the next design phase is named “enhanced” VMEA. The uncertainties are quantified by
judging standard deviations via standard rules, while fundamental physical knowledge is
used to assess sensitivities. Further refinement in the later detailed design phase, called
“probabilistic” VMEA, is developed by obtaining more information about the most critical
uncertainty sources. More detailed empirical results are used to obtain the standard
deviations, and sensitivity coefficients are taken from numerical sensitivity studies or
differentiation of physical, mathematical models. This analysis gives an estimate of the
resulting total uncertainty, and a corresponding statistical safety factor can be derived.
Further, the VMEA work process is grouped into four activities: “Define-Analyse-Evaluate-
Improve”, and can be described by seven steps, as illustrated in Figure 5.

VMEA (Variation Mode and Effect Analysis)

Product Development
Concept Phase Design Phase | Detailed .

Basic Enhanced Probabilistic
VMEA VMEA VMEA
Limited information More information Detailed information
is available is available is available
L ] L ] L ]

Ranking of Uncertainties in Include model
uncertainties physical units uncertainties
L ] L ] L ]
Select among Find dominating Evaluate reliability
design concepts uncertainties and robustness
L] L ] L ]
Choose a design that Identify possible Derive safety margins

Qrobust to variatiw @provement actioy \ for design /

Figure 4. VMEA in different design stages.
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Define

1. Target variable definition,
e.g. life, stressor defect size

Improve ' Analyse
7. Improvement actions, 2. Uncertainty sources
e.g. changes in design or identification
manufacturing process 3. Sensitivity assessment
A\ 4. Uncertainty size assessment
- N
Evaluate |

5. Total uncertainty calculation

6. Reliability and robustness
evaluation

Figure 5. VMEA in the design and improvement cycle.

3. Results

First, the target variable and sources of uncertainties were identified within the basic
VMEA. The results from the basic VMEA were then used as a starting point to establish a
full probabilistic VMEA. The probabilistic VMEA was based on probabilistic descriptions of
equivalent strength and equivalent load on the cable. These were first derived, based on the
same methods as described in [17-22,24], but adapted to the current application on dynamic
cables. Experimental tests of cable bending life tests were used to assess the equivalent
strength, and the equivalent load was assessed using numerical cable simulation and
subsequent fatigue damage calculations. The fatigue strength was evaluated from rotating
bending fatigue tests, and sensitivities to parameters were investigated by numerical
simulation, which was used in the probabilistic VMEA. Finally, a reliability evaluation was
performed. All results are presented below.

3.1. Target Variable and Sources of Uncertainties

A basic VMEA was established, following the procedure in Figure 5, with the involve-
ment of a cross-functional team of experts with different views and competencies within
cable manufacturing, mechanics, numerical simulations, laboratory testing, and statistics.
The main objective of this activity was to define the target variable and to identify sources
of uncertainties.

The target variable in this study was chosen as the fatigue life of the flexible power
cable. Following the life evaluation process shown in Figure 2, the uncertain sources
within the cable fatigue life calculation were divided into five categories: marine load,
cable motion, cable properties, fatigue life model, and laboratory testing; see the Ishikawa
diagram [32] in Figure 6. The waves and the ocean currents were the two main marine
loads. The WEC system and the cable were sensitive to the induced motions. The boundary
conditions representing the cable connections to the buoy and the hub were modelled
but exhibited uncertainties, as did the influence of marine growth. There are a few cable
property parameters in the simulation model whose values affect the fatigue life. The
main parameters considered are the outer diameter of the cable, the mass per meter, and
stiffnesses in axial, bending and torsional directions.
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Cable properties

Axial

Current stiffness Bending

Diameter patiness

Wave Mass

Torsional
stiffness

Fatigue Life of
dynamic cable

Marine
Scatter growth Failure Radius
del Mol criterion
i Boundary error Applied
erer condition tension load

Lab testing

Life model Cable motion

Figure 6. Ishikawa diagram [32] for the given uncertainty sources for the VMEA application of

flexible power cable reliability and fatigue assessment process design.

A random variation in fatigue life and other uncertainties exist due to estimation
of the life model and possible model errors in the fatigue life model. Several potential
uncertainty sources were present in the laboratory testing due to the boundary conditions
in the cable’s attachment in the test rig, the evaluation of the failure criterium in terms
of conductivity drop, the cable bending radius, and the applied axial load that should be
zero. The influence of stress from a possible unwanted axial load in the test rig should be
negligible compared to the contribution of the bending load.

3.2. Equivalent Load and Strength Variables

The load and strength variables were defined as stress amplitudes measured in unit
MPa based on fatigue equivalent load and strength amplitudes corresponding to N,
number of cycles, here chosen to Neg = 1 X 10° cycles. The choice of equivalent number of
cycles is arbitrary, but was chosen to acquire meaningful interpretations of the equivalent
load and strength variables. The equivalent load, L., is defined as the fatigue equivalent
stress amplitude at N, cycles corresponding to the target life, Tj;¢,, which is chosen to
Tjife = 25 years in this study. The equivalent strength, S, is defined as the stress amplitude
in the Wahler curve at N, cycles to failure. Note that the equivalent load and strength
variables are connected through the same equivalent number of cycles, Nog = 1 x 106,
together with the damage exponent of the Wohler curve, chosen to m = 6.236, which is the
value from [8], also used in [26]. It can be observed that the parameters for the bending
stiffness, EI, and the cable diameter, d, are common for equivalent load and strength
definitions. The target variable Y is defined as the difference between the logarithmic
strength and load, namely Y = In(S,;) —In(Le;).

The strength of the cable was investigated experimentally by life testing at different
bending radii on the cable. The results were modelled by a life-strength relation following
the Basquin Equation (1), where the number of cycles to failure N were related to the

bending curvature k:
k —m
NN () ®
ko

where k( represents the fatigue strength (in terms of the curvature of cable) at Ny = 1 x 10°
number of cycles.

For the VMEA, strength and load measures were compared, requiring a common
dimension, here chosen as stress. Pure bending was considered, employing beam theory to
relate the curvature to maximum stress S according to:

_ 32EI

S td3

k 4)

with d being the diameter and EI the bending stiffness of the cable.
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Assuming a fixed damage exponent m, using Equation (3), each observed life can be
recalculated into a damage-equivalent curvature, keq,i, at N4 cycles, and the logarithmic
mean estimated from the fatigue tests as:

I

1 & N;
In keq = — Zln(keq,i)/ keq,i = ki N (5)
nis Neq

with N; being the observed life at the curvature k;. Defining the equivalent stress S,
as the stress amplitude in the Wohler curve that corresponds to N, cycles to failure, as
Equation (4) gives:
32E1
>
The estimated Wohler curve for the fatigue bending tests are presented in Figure 7.
The equivalent curvature was estimated to ko; = 1.64 m~!, using Equation (5) with ex-
ponent m = 6.236, which is consistent with the test data illustrated in Figure 7. The
nominal value of the equivalent strength was then estimated to Seq,n0m = 1.41 MPa, using
Equation (6). Additional tests would be beneficial to obtain additional valuable knowledge.
However, the limited amount of data is reflected in the uncertainty size assessment as
demonstrated below.

Seq = ’ keq (6)

Wohler curve: RJIT 1kV, prior information

RISE Fabigue Design Tod

—
o —
-

ia N=1x10%(a8/1.43)** |

k, curvature / 1/m

02

I T T 1
1x10? 1x104 1x10° 1x10% 1x107

N, number of cycles to failure

Figure 7. Estimated Wohler curve of the cable, using prior knowledge on the exponent 1, where the
circles are experimental data, the solid line is the estimated Wohler curve, and the dashed lines the
95% confidence intervals.

In parallel, a corresponding equivalent load is needed. In the simulations, the fatigue
damage was calculated based on the wave climate at Runde, defined by the wave scatter
diagram. The calculations were performed as follows. The wave scatter diagram is defined
by the matrix F = ( ﬁj), where the indices represent the significant wave height, H,,,
and the wave period, T, ;, and these are discretized in steps. The matrix position f;;
specifies the number of hours that each sea state occurs during one year. For each sea state
(Hs,i, Ty j), the cable was simulated for one hour using the finite element method, and the
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accumulated fatigue damage D;; calculated using the Palmgren-Miner rule, the rainflow
counting method, and the S-N-curve, Equation (1), according to:

1

ny Lk " 1 m
D;; = - Y mll'= — d 7
i~ LNy ZNO(SO> NSy & = Ny @)

where 7y is the number of stress cycles with amplitude Ly, and d; ; is the so-called pseudo
damage for one hour. The total damage for one year can now be calculated as:

Zfz; i = NoST Z]:fij'dij = NoST ®)

Note that d;, the total pseudo damage for one year, only depends on the simulated
load and parameter m, but not on the fatigue strength Sy. The most critical position along
the cable with the maximum damage value is chosen. The fatigue damage corresponding
to the target life Tyt becomes:

Dturget = Dl'Ttarget 9)

We now introduce the equivalent load L, as the stress amplitude that, for N, cycles,
gives the same fatigue damage during the target life as Dtgrget, and by using the Basquin
equation in Equation (1), the equivalent damage is calculated as:

Ngq NE(]LZ;
- m
NO ( Leq ) NOSO

Consequently, by solving Dysreet = Deg, the equivalent load is calculated according to:

Dey = (10)

1
di - Ttarget \ ™ 1
Leq = <Z\Ie:@e> = (Tturget> " Leq,l (11)

with Le; 1 being the equivalent load for one year. Using results from numerical simulations
of the motions of the cable, the nominal value of the equivalent load was estimated at
Leg,nom = 0.47 MPa, using Equation (11).

Based on the equivalent strength, S;, and the equivalent load, L., the target function
Y is defined according to:

Y =1In(Seq) —In(Ley) (12)

where negative values of Y indicate failure, while the safe region corresponds to positive
values. The equivalent load, L., the equivalent strength, S¢;, and the target function, Y,
are stochastic variables, and their variations are due to uncertainties in their underlying
dependent variables. These are be investigated in the next subsection.

The logarithmic scale was chosen since experience has shown that it reduces non-
linearities of the target function, thus reducing errors due to linearization of the target
function. Further, the logarithmic scale makes the variance representation of uncertainty
less dependent on the scale. This is taken advantage of in the VMEA analysis in the
next subsection.

3.3. Evaluation of Sensitivities and Uncertainty Sizes

The probabilistic VMEA was established based on the uncertainty sources identified
in the basic VMEA, and the developed models for equivalent strength and load. The
variation of the target function Y (X1, X5, ... X,) depends on several uncertainty sources,
X1, X, ... Xp, where p is the number of variables. If the uncertainty sources are considered
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as independent random variables, the Gauss approximation formula for the target function
gives its variance as a function of the variances of each uncertainty source according to:

2 3 Y 2 3 2.2
T = Var[Y(Xy, Xp,... Xp)] = Z(ax) Var[X;] = ) cf s (13)
i=1 ! i=1

where s; is the standard deviation of uncertainty source X;. The sensitivity coefficients c; are
the partial derivatives of Y with respect to X;. The logarithmic scale of the target function
in Equation (12) implies that the uncertainties represent relative standard deviations that
can be judged in terms of uncertainty in percentage.

The sensitivities and sizes of the uncertainty sources judged to be of most impor-
tance in the basic VMEA were evaluated. The assessment of each uncertainty source is
detailed below, and the results are summarized in a so-called VMEA table; see Table A1
in Appendix A, where the total uncertainty is also shown. The uncertainty sources were
grouped in the same way as for the basic VMEA, as shown in Figure 6.

Many uncertainties must be assessed by engineering judgements. Engineers are
sometimes unfamiliar with statistical properties like standard deviations, but may find it
easier to make judgements about the possible uncertainty interval of a certain property.
From such a judgement of an uncertainty interval of £x%, the standard deviation of the
uncertainty source can be calculated assuming a uniform distribution, namely:

X%
\/é .

The uniform distribution interpretation of an uncertainty interval has been used
throughout this study, unless indicated otherwise.

s =

(14)

3.3.1. Marine Loads

Wave climate in Runde: Based on simulations in [26], sensitivity coefficients due to
marine load parameters were evaluated. Significant wave height varied between values
Hg1 = 1.5m and Hgp = 7.5 m, and the sensitivity depended only on the load and was
evaluated to cy, = —1.31. Experts judged the relative uncertainty in significant wave height
to be around +10% and consequently, assuming a uniform distribution, the uncertainty
became 10%/+/3 = 5.8%. Similarly, the influence of ocean current was evaluated, and the
sensitivity coefficient became 0.67, and the relative uncertainty 5.8%.

3.3.2. Cable Motion

Cable boundary conditions and model error: In the simulations in [26], the boundary
condition of the buoy and the hub was judged to be well modelled, and the total system
was verified in [28,33]. The model error due to cable boundary conditions was judged to be
at most +:5%, which translates to an uncertainty of 2.9%, assuming a uniform distribution.
The model error due to the cable motion simulation model was judged to be +10%, which
translates to an uncertainty of 5.8%. Since these were judged to be total uncertainties in the
target function, the corresponding sensitivity coefficients equal unity.

Marine growth: In the simulations, see [26] for data, different models for marine
growth were assumed. The resulting uncertainty due to marine growth was estimated to
10.5%. This value was achieved by considering two extreme cases and assuming a uniform
distribution between these. Since the uncertainty was evaluated with respect to the target
function, the corresponding sensitivity coefficient equals unity.

3.3.3. Cable Properties

The applied and installed cable was a 1.2 kV low-voltage cable, consisting of three
conductors laid together with Kevlar ropes. The outer sheathing comprised two layers of
polyurethane (PUR) material.
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Cable diameter: The cable diameter was 39 mm. The variation due to manufacturing
was judged by production engineers as max variation intervals +x mm. This interval was
interpreted as a uniform distribution giving a standard deviation x/+/3, and finally, the
relative uncertainty, see Table A1l in the Appendix A for estimated values. It should be
noted that for different sizes of cables, the uncertainty may vary.

The diameter of a cable impacts the load and the strength. Since the same basic cable
model was used for the cable simulation (for load evaluation) and the conversion between
bending radius in test and bending stress (the strength evaluation), the corresponding
sensitivities due to the diameter was evaluated zero.

Cable stiffnesses: The cable stiffness parameters EI, EA and GKv were evaluated based
on tests; see [28,29,34], and the corresponding uncertainties are shown in Table Al in
Appendix A for estimated values.

The parametric sensitivity analysis within a total of 27 cases with different cable
bending stiffness (EI =2, 4, 6 Nmz), axial stiffness (EA = 2, 4, 6 MN) and torsion stiffness
(GKv = 1.5, 3.0, 45 Nm?2/ rad) were simulated; see [26,29,34] for simulation results and
stress analyses. The bending stress component was extracted from these simulations, and
sensitivity coefficients for cable stiffness were assessed. A multivariate regression model
was fitted to all the simulation results in the evaluation, representing a linear response
surface. The sensitivities to EA and GKv were close to zero, as expected since only the
bending stress was used in the evaluation. Sensitivity depends on load and strength;
the equivalent strength was evaluated from the bending radius according to Equation (9).
From this relation, one notes that the equivalent nominal stress depends linearly on EI
but has no dependence on EA and GKv. Consequently, the strength sensitivities in log-
scale become one for EI and zero for EA and GKv. The total sensitivities thus become
approximately zero.

Mass of cable: Based on simulation in [26], the sensitivity coefficient due to mass was
evaluated. The parameter varied from low, to medium, to high as 2 kg/m, 2.75 kg/m,
and 6 kg/m.

The load sensitivity coefficient was similar to the above, defined in log-scale and where
the equivalent load was calculated using Wohler exponent b = 6.238. The load sensitivity
coefficient was calculated to 1.52. The equivalent nominal strength does not depend on
the mass of the cable, cy; = 0 — 1.52 = —1.52. The maximum variation of the mass was
judged to £2%, which is interpreted as uniform distribution and giving the uncertainty

2%//3 = 1.2%.

3.3.4. Life Model

Uncertainties due to fatigue model: The identified uncertainty sources include fatigue
scatter, estimation uncertainty and fatigue model error. These influence only the strength
aspect and not the load aspect of the target function.

Uncertainty due to fatigue scatter was evaluated from the fatigue tests. The standard
deviation of the logarithmic equivalent curvature, In(k,;), was evaluated to s = 5.9%.
The uncertainty in VMEA required adjustment by a t-correction factor, taking the limited
number of tests into account, tq;; = 1.4, corresponding to 4 DOF (number of tests under
consideration, 5, minus the number of estimated model parameters, 1). The resulting
uncertainty due to fatigue scatter is thus fer - s = 8.3%. The estimation uncertainty
was evaluated by the standard deviation of Equation (5), giving tcorr - 5/ /5 = 3.7%. The
sensitivity coefficient equals unity since the uncertainties were evaluated in terms of In(Se;) .

The possible model error in fatigue life, here considered as an uncertainty, was judged
by experience as a factor of 2 in life, corresponding to an uncertainty of 40%, assuming a
uniform distribution. From Equation (1), one observes that the stress amplitude depends
on the life (number of cycles) raised to the power of 1/m. The sensitivity coefficient with
respect to logarithmic fatigue scatter and logarithmic fatigue model error thus becomes
1/m = 0.16.
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3.3.5. Laboratory Testing

Bending radius uncertainty: The description and results from the rotating-bending
fatigue cable tests are presented in [29,34]. The bending radius in the test influenced the
strength but not the load. Equation (4) shows that the equivalent strength is inversely
proportional to the bending radius, R = 1/k. The logarithmic sensitivity thus becomes
—1. The uncertainty in the bending radius originated from cable mounting in the test
rig and dynamic effects evaluated by simulations of the cable rig. The total uncertainty
contribution was evaluated at 5%. Other possible systematic errors in the test setup are
assumed to be negligible and were thus neglected. The random uncertainties due to lab
testing are assumed to have been captured by the estimated scatter in fatigue.

3.4. Probabilistic VMEA Table

The results from the probabilistic VMEA table are summarized and presented in the
Appendix A, Table Al. The total uncertainty of the target variable Y was estimated to
T = 19.4%, i.e., the uncertainty in the predicted life of the dynamic cable was estimated to
19.4% in terms of relative standard deviation. The total uncertainty is used below to derive
safety factors for design.

Further, it can be observed that the five most considerable resulting uncertainties are
due to wave climate, cable model error, marine growth, fatigue scatter, and fatigue model
error. Since these uncertainty sources dominate the total uncertainty, they should be the
candidates for further studies, e.g., investigating if they can be more accurately assessed or
if by some measure they can be reduced.

3.5. Reliability Evaluation

The target function, also called limit state function, should exceed zero with a proper
safety margin. The evaluated total uncertainty of the target function, together with nominal
values of equivalent strength and load, can be used to calculate a reliability index and to
derive safety factors.

First, we present safety factors derived through the Cornell reliability index, and then
we introduce the concept of an extra safety factor. More details are found in [22]. Together
with the total uncertainty of Y from the VMEA analysis, 7, the Cornell reliability index is
defined as:

In (Seq,nom> —In (Leq,nom)
T

B = (15)

where the nominator is the nominal difference between the logarithm of the nominal values
of strength and load, respectively, and the denominator, 7, is the total uncertainty from the
VMEA. For our case, the reliability index becomes:

0.34 — (—0.76)

P=—"T94 %7 {16)

The reliability index is denoted as the safety index or distance from failure mode, since
it can be interpreted as the number of standard deviations from the failure mode [12,35].

A requirement of 95% reliability corresponds to a reliability index g > Bre; = 1.64,
assuming a normal distribution. This reliability level is fulfilled in the current case. Further,
it can also be converted into a required safety factor:

SFos0, = exp(Breg - T) = exp(1.64-0.194) = 1.4 (17)

However, for an engineering design, a 95% reliability is often not sufficient. This can
be addressed by increasing the required reliability index. However, knowledge about rare
events, representing the tail of the statistical distribution, is often relatively weak. Instead,
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the reliability model can address this problem in the following way. The required distance
between logarithmic load and strength is formulated as:

m(seq,nam) - 1n(Leq,n0m) > ﬁreq T+ O (18)

where ,Brgq is related to the statistical safety and Jg defines an extra safety distance. From
this expression, a safety factor SF can be calculated according to:

SF = exp(Breg - T)- exp(6g) = SFosy, - SFg (19)

The safety factor is thus subdivided into two parts. The first part, SFys9,, representing
95% reliability, is related to the combined uncertainty of all possible uncertainty sources, and
is found through the probabilistic VMEA procedure. The second extra safety factor, SFg, is
related to unknown and extreme events and estimated by engineering experience combined
with judgment about the severity of the risk, i.e., the likelihood of rare detrimental events
and the consequence of failure. Guidance and further details can be found in [22]. The
concept of reliability evaluation using the limit state function is illustrated in Figure 8.

. Total safety factor
.‘é
g Limit state distribution
e
5
o
‘S | Extra safety factor
[y o
1 2 3 4 5 6

Strength / load
Figure 8. Load-strength limit state function.

4. Discussion of Results

The VMEA methodology has been introduced and adapted to marine cables in WEC
systems. The methodology has been described in terms of a seven-step procedure, and its
capacity to identify and quantify all uncertainties demonstrated. With these uncertainties
as a basis, the safety against fatigue within a load-strength reliability framework has
been evaluated. Uncertainties originate from different sources including scatter, model
uncertainties and statistical uncertainties. A unique feature of the VMEA methodology is
that it incorporates all these different sources in a unified framework. The methodology
can be applied at different stages in the design process, and it has here been adapted to
two different design stages, an early stage of basic VMEA with the emphasis on defining
the target function and identifying the sources of uncertainty, and a later design stage of
probabilistic VMEA, which has been the main part of the work.

The basic VMEA was initially performed with a group of experts with complementary
perspectives, knowledge, and experiences. This group identified the sources of uncertainty
relating to bending fatigue failure, and made judgements about their magnitudes and
sensitivities. Based on these estimations, the respective contributions of each source to the
uncertainty in the load—strength fatigue model were calculated. The uncertainty sources
were grouped into five categories. The fatigue life model’s uncertainty was found to
contribute most to the overall uncertainty in the predicted fatigue life. These uncertainty
evaluations gave important information for preparation of the more detailed probabilistic
VMEA. Since the fatigue model’s uncertainty was found to contribute more than other
factors, in the next stage action was taken to reduce uncertainties in the fatigue model.
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In the probabilistic VMEA phase, the uncertainty sources are assessed using quantita-
tive information about uncertainties and sensitivities. These may be obtained through a
combination of experimental tests, numerical simulations or mathematical relations.

For the experimental investigations, a test rig was developed for rotating cable fa-
tigue tests, and tests were performed to evaluate cable properties including the bending
fatigue strength.

A numerical simulation model of the whole WEC system was developed based on the
DNV GL software package. The simulations were essential for many reasons. First, they
were used to calculate the cable motion and to identify the most critical fatigue region on the
cable. Simulations were also important to obtain a quantitative correction of the dynamic
effects in the test rig that were not possible to measure during the live tests. By putting
the marine field load conditions into the WEC system simulations, the fatigue load on the
cable could be evaluated during different environmental conditions. Finally, parametric
sensitivity analyses were performed with the numerical model to evaluate sensitivities for
most of the uncertainty sources, including load- and strength-related sources.

For the uncertainty sources directly related to the fatigue load-strength and the fa-
tigue life models, mathematical expressions were used directly based on simpler beam
models or empirical relations, and these enabled simple calculations of the corresponding
sensitivity factors.

These three different approaches were thus integrated with the VMEA methodology
and the uncertainties in terms of scatter, statistical uncertainty and model uncertainty
were evaluated for the different uncertainty sources. It was also demonstrated how the
resulting total uncertainty can be used to calculate reliability indices, and to evaluate safety
factors against fatigue failure. It should be noted that the limited amount of data (e.g., cable
experimental tests and numerical simulations) is reflected by the assessed uncertainties.

A major contribution to the overall uncertainty comes from the fatigue life model,
both in terms of scatter and model uncertainty. This was also the major uncertainty
source identified with the basic VMEA. The second and third largest uncertainty sources
switched order compared to the basic VMEA, and so did also the two least significant
uncertainty sources.

The identification of the dominating uncertainty sources is useful for several reasons.
The more significant uncertainty sources from a basic VMEA show where attention should
be focused in the following more detailed probabilistic VMEA. It also shows where to apply
focus if the uncertainty needs to be reduced.

In addition to the identification of the dominating uncertainty sources, the VMEA
results also gave a basis for calculation of safety factors and reliability indices. It has been
demonstrated how to derive safety factors based on the probabilistic VMEA. For a 95%
reliability requirement, the load unit’s safety factor became 1.4.

The connection between the safety factor and all uncertainty sources enabled the
identification of the dominating uncertainties. From these, guidelines can be drawn to
reduce the overall uncertainty and thereby decrease the required safety factor.

The specific cable in this study was a 1.2 kV low-voltage cable with a small diameter
of 39 mm. It should be noted that other cables, including those with larger radius for
higher voltage ratings, may have very different properties and different uncertainty levels.
Therefore, both the relevant uncertainty sources and their sizes need to be re-evaluated
for each specific case; the current study should be useful as an assessment template.
Obviously, the results of this study represent not only a specific cable, but also a specific
geographic location (Runde in Norway) and the specific platforms (WEC and hub of the
WaveEL 3.0 prototype) used in the simulation. Thus, new numerical simulations need to be
performed when investigating different set-ups. Future work should include applying the
methodology to different case studies to consider the effect of changing locations, platform
designs and cable designs.



J. Mar. Sci. Eng. 2022, 10,716

16 of 19

5. Conclusions

A model framework has been developed for analyzing the mechanical life of flexible
marine cables. It is based on the VMEA reliability design method, together with a load-
strength approach that combines numerical simulations to assess load on the cable with
experimental tests to assess cable strength. Experiments and calculations are also included
for calculations of uncertainties and sensitivities. The main key findings and highlights
from the investigation are the following:

The framework enables identification and calculations of all types of uncertainty
sources, such as scatter, model uncertainties and statistical uncertainties. This is demon-
strated for an evaluation of bending fatigue. The method was found to be a useful tool for
evaluating uncertainties in fatigue life during the design phase. The uncertainty results
gave a firm foundation for the evaluation of safety against fatigue, helpful for identifying
weak spots in reliability assessment to motivate actions in the improvement process.

Specifically, the model allows the dominating uncertainty sources to be obtained,
which is useful information when a reduction of overall uncertainty or an increase of safety
factor is needed. The framework will be of interest for future studies of other types of
wave energy systems at different locations and under different environmental conditions.
However, a limitation is that for applications where only minor experience is available, it
could be difficult to identify all the important uncertainty sources.
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Appendix A

Table Al. Probabilistic VMEA for dynamic cable.

Input Result
Uncertainty Components Sensitivity Uncertainty Resulti.ng Variation Contribution
Uncertainty Variance/10% Proportion
Marine Loads
Wave climate at site (Runde) —1.31 5.8% 7.6% 57 15%
Ocean currents at site (Runde) —0.67 5.8% 3.9% 15 4%
Total Marine Loads 8.5% 72 19%
Cable Motion
Cable boundary conditions —1.00 2.9% 2.9% 8 2%
Cable model error —1.00 5.8% 5.8% 33 9%
Marine growth —1.00 10.5% 10.5% 110 29%
Total Cable Motion 12.3% 152 40%
Cable Properties
Diameter, within batch variation 0.00 0.3% 0.0% 0 0%
Diameter, batch variation 0.00 0.7% 0.0% 0 0%
Diameter, non-spherical 0.00 2.2% 0.0% 0 0%
Axial stiffness, EA 0.01 8.1% 0.1% 0 0%
Bending stiffness, EI —0.03 12.2% 0.4% 0 0%
Torsional stiffness, GK, 0.01 4.4% 0.0% 0 0%
Mass [kg/m] —1.52 1.2% 1.8% 3 1%
Total Cable Properties 1.8% 3 1%
Life Model
Fatigue life scatter 1 8.4% 8.4% 70 18%
Fatigue life estimation 1 3.7% 3.7% 14 4%
Fatigue life model error 0.16 40.0% 6.4% 41 11%
Total Life Model 12.9% 125 33%
Laboratory testing
Bending radius of cable [mm] —1.00 5.0% 5.0% 25 7%
Total Laboratory Testing 5.0% 25 7%
Total Uncertainty 19.4% 377 100%
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