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ABSTRACT:

By 2050, offshore wind power is expected to become the leading energy source, necessitating the instal-
lation of deep-sea turbines and Floating Offshore Sub-Stations (FOSS) for energy transport. However,
the FOSS technology is not yet fully developed, and reliability is a significant challenge for the mechan-
ical and electrical subsystems each with distinct approaches to reliability assessment. Consequently, this
paper aims to present a unified approach for evaluating the reliability of both the electrical and mechani-
cal components of the FOSS. The resulting methodology can be used to perform a reliability analysis of
the FOSS. To demonstrate this, the methodology is applied to a case study situated on the French coasts
of the Mediterranean Sea. The study assesses the impact of various mooring and substation designs on

system reliability.

1. INTRODUCTION

By 2050, offshore wind energy is predicted to be-
come the primary source of energy, with a six-
fold increase in the offshore wind annual market by
2030 and a ten-fold increase by 2050 (IEA Paris,
2019; IRENA, 2019). However, the identification
of new sites with significant wind resources is cru-
cial, particularly for deep water depths exceeding
60 meters, where traditional bottom fixed structures
are prohibitively expensive. The Floating Offshore

Sub-Stations (FOSS) are a promising solution for
opening new markets and reducing environmental
impact (James et al., 2018).

While floating offshore turbines have been exten-
sively researched, the reliability of offshore substa-
tions, a critical component in wind farms, has re-
ceived less attention (Firestone et al., 2018). Oh
et al. (2018) have reviewed different substructures
needed to lower construction costs for transitional
water depth, and for deeper waters, a Floating Off-
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shore Substation (FOSS) with dynamic cables con-
necting it to both the power generation and grid
sides is a relevant solution. However, there is lim-
ited understanding of the design rules and life ex-
pectancy of FOSS used in renewable energy pro-
duction (Fukushima Offshore Wind Consortium,
2014).

The FOSS consists of three crucial systems: the
export dynamic power cable, the mooring lines, and
the electro-technical components. A unified ap-
proach for time-variant reliability is proposed here
for system reliability analysis in section 2 of the pa-
per. Under certain assumptions, one can use this
approach to evaluate the reliability of a system in-
cluding mechanical and electrical components.

Conducting a comprehensive system reliability
assessment for new concepts without existing data
is complex, and the paper aims to provide initial
results for practical concepts and realistic magni-
tudes. On that account, Section 3 presents the
system architectures of a 250 MW FOSS con-
cept and the main reliability magnitudes for both
electro-technical and mechanical components. Sec-
tion 4 compares the system reliability of FOSS for
Mediterranean Sea site using 8 and 12 mooring line
architectures and provides a computation and com-
mentary on reliability.

2. RELIABILITY METHODS FOR ELECTRO-
TECHNICAL AND MECHANICAL COMPO-
NENTS

2.1. Definitions and computation of a failure rate

of electro-technical components

The failure rate, or hazard function, is a key input in
reliability analysis of electrical components since it
specifies the rate of the system aging. It is defined
as the probability per unit time that the device expe-
riences a failure at time 7 + 8¢, given that the device
has survived to time t. One can represent the first
time of failure with a random variable T for which
F(t) can be used to represent its probability distri-
bution function (i.e., F () = P(T <)) and f(¢) can
represent its probability density function. The reli-
ability of a component can therefore be defined us-
ing Eq. 1 which is equivalent to the probability that
the component will not fail during the time interval
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(0,1).

R()=1-F(1) (1)

The usual failure rate, also called hazard function or
conditional failure rate, is defined by the following
equation at time instant ¢ (Mel, 2017).

P(T <t+6t|T >1)
ot

0 = g,

where R'(t) is the derivative of the reliability func-
tion R with respect to time. Given that A(z) is
known in Eq. 2, the reliability function R(z) can
be formulated by following equation:

t

R(1) = exp(— /0 A(r)dr) 3)

The Mean Time Between Failure (MTBF) is the
expected value of time between two consecutive
failures, for a repairable system. The Mean Time to
Failure (MTTF) is defined by the arithmetic mean
value of the reliability function R, it can be ex-
pressed as the expected value of the probability
density function f(.). For further definitions such
as availability, mean time to repair, etc. in the field
of reliability engineering please refer to Sta (2009).

2.2.  Definitions and computation of a failure rate
from probability of failure of a mechanical
component

The time-variant structural reliability theory relies

on two main indicators, the global failure probabil-

ity (or safety index) and the out-crossing rate. More
information on how to calculate the failure proba-

bility can be found in Ahmadivala et al. (2021).

In case of a monotonically decreasing function,
cumulative failure probability within time interval
(0,T) is equal to the failure probability calculated
at time instant T’ (P¢(0,7) = P¢(T)). The annual
probability of failure p; (probability of failure per
year) is then computed by the following ratio:

Py (T)

T “4)

where T is the service time of the component. The
Vesely failure rate A,(¢) can be used (Amari and
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Akers, 2004) to make a connection between the out-
crossing rate v and the failure rate A as :

V()

Alt) = —— 5
For low instantaneous failure probability, the two
quantities are almost equal. Further, in the case of
stationary stochastic process and low Py(.), the fail-

ure rate is almost constant such that A (r) = v*(z).

2.3.  Annual failure probability and failure rate
Often failure characteristics of structural compo-
nents are specified with single value, it is the annual
failure probability pr (Eq. 4) which represents the
annual mean of analyzed failure events over the life
time. As previously mentioned, we consider here
statistics from oil and gas industry (FPSO) in view
to provide order of magnitudes for these probabili-
ties.

That being the case, by assuming a constant fail-
ure rate A and an exponential distribution of the
reliability function, the failure rate A is computed
from the following equation,

() = —toe=psT)

- (6)

for low annual failure probabilities and not large
life time 7', the failure rate and annual failure prob-
ability are almost equal A ~ py. It should be noted
that, the constant failure rate assumption cannot be
realistic for some mechanical components.

The cumulative probability density function
Py(t) of a mechanical failure is extrapolated from
py by affine transformation Py(t) = pyst for each
t<1/p r. Furthermore, the out-crossing rate vt
can be obtained by the derivative of Py(r).

1
{Pf IS?
0 t>[7_f

Thus, by combining Eq.s 7 and 5, the failure rate A
has an increasing behavior and is given by the Eq.

8. ) 1
L <
At) = { =pgt = by

—

Vi) = (7

3)
o t>P_f
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Naturally, it is important to model the out-crossing
rate with a non-constant function of time. Further,
this parameter decreases to zeros for large time.
Thus, the following out-crossing rate model is in-
troduced.

Vi) = aptbre ™ 9)

where ay, a», b, and b are non-positive real num-
bers. Further, by combining the Eq. 7 with (5, 3),
one writes the following differential equation,

4

—f"l(r)dr _
A(t)e™ -

(6_ jél(r)dr) _ _altb1e—a2tb2

(10)
The goal is to estimate the failure rate A from the
annual probability pr. However, Eq. 10 contains
several unknown coefficients a;, ap, by, and by. It
requires several approximations of the failure prob-
ability p; from the linear interpolation p st to get an
approximation of the failure rate A.

Usually, the failure rate of the mechanical com-
ponents is an increasing function of time. There-
fore, considering a power failure rate model A
(which increases similar to the Weibull model) al-
lows to get an analytic solution from only two in-
terpolations of the failure probability P¢(r = 1) and
Py(t =T) where T is the lifetime of the component.
To get such analytic solution, we consider the fol-
lowing link between the coefficients a;, a;, by, and
b, such that:

aj=ay(by+1)and by +1=b; (11)
Thus, we use estimate ps ~ Pr(1) =1— e~ Jo A(rdr
and asymptotic estimate of P¢(7T') to get the follow-
ing failure rate

A(t) = —(by + 1)log(1 — ps )™ (12)

where the parameter b is defined by

_ . (log(1—P(T))
b1—10 ( log(l—pf)

) (log(T))" ~1 (13)

Note that the comparison of the MTTF computed
from the failure rates in Eq.s 5, 8, and 12 allows to
conclude that Eq. 12 gives more reasonable result
for MTTF. Particularly, when the annual probability
pr is very small.
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2.4.  Unified time-dependent reliability computa-
tion
The reliability of the electrical system of FOSS is
naturally computed through the failure rate A, (2).
Eq. 12 provides a formulation to calculate the fail-
ure rate A,.q;(f) of the mechanical components.
This helps to unify the reliability calculation of
electrical and mechanical components in a system
like FOSS. On that account, the failure rate of
FOSS can be uniformly computed by:
A'sys = Aelec + Afmech (14)
It is worthy to mention that the mechanical and
electrical systems are assumed to be serially con-
nected.

3. MAIN BLOCKS OF A FOSS

The FOSS is composed of three main blocks of
components from the reliability perspective: moor-
ing & anchor system, floating platform & topside
structure, and electro-technical sub-system. Under
the availability assumption, these components are
connected in series.

The electrical components of the FOSS are di-
vided in two functional subsystems: Main power
system including MV/HV transformer(s), HV and
MV switchgears (GIS); and Auxiliary system
which comprises equipment necessary to safely op-
erate within the design operational conditions. The
dynamic power cables (umbilical) can be consid-
ered as a member on electrical components which
is used to collect the power generated by the float-
ing wind farm and to export it to the hub connecting
to the static export cable that goes to the distribution
center. Figure 1 represents the electrical configura-
tion of the FOSS with a capacity of 250 MW.

The mechanical part of the FOSS involves the
topside structure and the floating support which
consists of the floating platform and the mooring
system. We only consider the mooring system’s re-
liability assessment within the mechanical compo-
nents’ reliability analyses since the other parts are
highly reliable. The substation is designed to be
moored from the four corners of the floater by cate-
nary mooring lines. In order to provide redundancy
in case of the failure of a line, two configurations
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Figure 1: 250 MW, one module, two transformer per
module

will be considered: 4x2 lines and 4x3 lines, see Fig-
ure 2.

Two lines per bundle

Three lines per bundle

Figure 2: FOSS mooring systems

3.1.

Values of component failure rates considered
for the electro-technical components

Table 1 provides the required information for the
components of the main power system. Preparing
such information is straightforward using the feed-
backs and statistical information collected by the
owners. It should be mentioned that the MTTF

Table 1: MTTFE, MTTR, and failure rate of main electri-
cal components

Component | MTTF (years) | MTTR (days) | Failure rate
GIS 66 50 21 0.002
GIS 225 50 21 0.002

Transformer 200 60 0.005
Umb 66 15-40 - 0.025-0.067

Umb 225 15-40 - 0.025-0.067

is provided according to the minor failures, and



14th International Conference on Applications of Statistics and Probability in Civil Engineering, ICASP14

MTTR is provided according to major repairs. This
leads to a conservative estimation of reliability and
availability levels of the system. Moreover, the in-
formation about the MTTR and MTTF of the um-
bilical cable is provided according to the experts’
opinion.

3.2.  Values of component failure rates considered

for the mechanical components
Due to the importance of the FOSS in the energy
production network, producers prefer mooring sys-
tems with the redundancy , i.e., 2 or 3 lines, per an-
choring point. This redundancy can be represented
by a parallel system. The reliability evaluation ap-
proach here relies on the feedback of past failures
of mooring lines in a mature industry (offshore oil
& gas industry) Ma2 (2013) on which the annual
probability of failures p,., of similar but larger sys-
tems is available. For reliability analysis, the first
objective is to get unknown parameters (in intact
and damaged conditions) by knowing p,.,. This can
be done using a simple limit state (G(R,F) =R—F
where R :resistance and F : loading) that includes
all the failure cases.

Intact condition: The failure rate of the moor-
ing lines can be obtained using Eq. 12. How-
ever, one needs to calculate the values of p; and
P¢(T). For that reason, the loads on mooring lines
and their resistance are modelled with random vari-
ables without dimension. The events {R < F;} and
{R < F»} obtained from the static equilibrium are
nested meaning that the failure of lines will happen
in an order since F; < F; (see Figure 3). It is as-
sumed that the resultant environmental loading F
is perpendicular to the y-axis and acts on one side
of the FOSS. Moreover, it is assumed that all lines
have the same material properties, dimensions, and
the mooring pattern is symmetrical.

The loading F follows a log-normal distribution
with a known mean tr and unknown standard de-
viation or. The material strength R also follows a
log-normal distribution with a fixed standard devia-
tion o. It is given as a percentage of the maximum
breaking load pr = 1.1 that does not change during
the period of service. Parameter R has a coefficient
of variation of CVg = 20%. The mean value and the
variance of load F' can be estimated using a sample

Dublin, Ireland, July 9-13, 2023

Current

\

Figure 3: loading conditions on mooring lines (intact
condition)

of annual failure probability of one line p,.

The total failure probability of the system is then
approximated using this uncertainty on the environ-
mental load. Knowing the statistics for the envi-
ronmental loading, static equilibrium can be sim-
ply used to evaluate the magnitudes of u;, o;. The
failure probability p; = P(R — F; < 0) computes the
probability that line i breaks (i = 1,2), and it writes:

pi(0) = | @a(r)or(r)ar

where ¢; is the probability density function (pdf) of
the load F; and ®p is the cumulative density func-
tion (CDF) of the strength R. Quadrature method
is used to estimate the integral 15 in order to ob-
tain an accurate estimation. Further, p;(0) is a
monotonous function of ¢, therefore, from a sam-
ple value p,., its corresponding value o is given by
inverting the equation 6 = p; ! (pyex)-

Damaged condition: here we consider the case in
which one line is damaged. From the nested load-
ing case, [, will break first. The remaining load on
line 1 is denoted by F| where probably F} < F{ (see
Figure 4).

It can also be shown that F| follows a log-normal
distribution with mean Mgy = ﬁ(el) and standard
deviation OF = ﬁ(e,) where o is computed from
the intact condition case. Similarly, the failure
probability of the second line py, = P(R— F{ <0)
can be computed with the following integral:

pip(0) = [ @k(r)op(r)dr

(15)

(16)
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Figure 4: loading conditions on mooring lines (dam-
aged condition)

where q)F{ is the pdf of the load F{. It should be
noted that the random variables F| and F, have the
same coefficient of variation as load F. The prob-
ability of the damage of two lines satisfies P(R <
FI;R<F,)=P(R<F) since F| < F, (nested load
case).

The failure of the system is considered when two
lines in the same corner is broken. Therefore, the
total failure probability of the system Prr is calcu-
lated by:

Prr = P((I1, 1) or (11,1}) are broken)

= P(l1,) +P(I},15) = P(L)P(L|L)P(l{ |1, 13, )

=2pap1j2 — P2P12PF
(17)
Where by the symmetry and the assumption 2 we
obtain py = P(l}|l>), the conditional probability
P(ly|l,15) = py} holds true. The probability pr :=
P(I{|l2,1%,1; )is computed as in Eq. 16 with stress F
instead of Fj or F, (it represents the damage prob-
ability of line /{ given the damage of lines /;, I,

).

3.3.  Installation site

The installation site of the FOSS is "Golfe de
Lion" in the Mediterranean Sea, see Figure 5. The
estimated water depth of the installation site is 70-
100 m. The project partner RTE (Réseau de Trans-
port d’Electricité) provides the required informa-
tion about the wave height and direction, wind
speed and direction, sea current direction, etc.
The provided information about the installation lo-
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cation is used to compute the loading F and de-
sign the mooring lines according to the standard us-
ing DeepLines software according to DNV (DNV,
2010). The mean values are used for estimation of
F| and F.

Figure 5: FOSS installation site in the Mediterranean
Sea on the coast of France

4. RESULTS AND DISCUSSION
4.1. Mooring system time-variant reliability com-
putation

A dynamic approach by DeepLines software is used
in order to find the extreme tension in the moor-
ing lines. Table 2 provides the MPM (most prob-
able maximum) effort as calculated for both intact
and damage conditions in each scenario. The de-
sign effort concerns the maximum tension on the
upper lines (1, /) in the intact and damage condi-
tions. The other lower lines /|, I} are assumed to
be loaded nearly like /1, l; whereas, the remaining
lines on the other side are subjected to a very weak
effort.

We assume nested stresses F; < F», with the
same coefficient of variation CVg. This coefficient
is computed by inverting the equation p; = pyex,
where p is the failure probability of the line /. The
failure probability of the system Prr is estimated by
Prr =~ 2p)py)1. The probability p; is calculated us-
ing the lower and upper values p,., = 0.005, 0.02.
From these sample values, we deduce the CVr to
compute the py ;. The material breaking strength R
has a coefficient of variation of CVg = 20% and the
mean Ugr. This is equal to the minimum breaking
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Table 2: Case study details

Case | Sub-station Mooring system 3;;1%/}1):;;:;“ Condition
SeeOS1XL 8 lines, chain,

#1 | 250 MW 100mm RS4 ﬁ;g ]l;ztlifl:;ge .
(2TR185/132MVA) | Mooring radius: 900 m :
SeeOS1XL 12 lines, chain, 3163 Intact

#2 250 MW 100mm RS4 419'2 Damaged
(2TR185/132MVA) | Mooring radius: 900 m :

load (MBL) which depend on the diameter of the
chain of type R4s:

g (R4s) = 0.0304(44 — 0.08d)d> (18)

Table 3 provides the failure probabilities with
lower and upper estimates of the p,., for two cases
in Table 2. Eq.s 12 and 13 are used to calculate the
failure rate of the mooring system where Pr := py,
and two asymptotic estimates P¢(7) = 0.9, 0.999
are respectively used for the lower and upper esti-
mates of Prr of the mooring system at time 7' = 60
years.

Table 3: failure probabilities of mooring lines for con-
sidered cases

Cases #1 #2
Ug(tons) | 1115.977 | 745.968
CVr(lower) 0.301 0.344
CVr(upper) 0.452 0.507
paj1(lower) 0.140 0.0506
P21 (upper) 0.204 0.101
Prr(lower) 0.0014 | 5.06e-04
Prr(upper) | 0.00818 0.004

Figure 6 shows the time-dependent curves of the
failure rate and reliability of the mooring system
with 2 and 3 lines per each corner. It can be eas-
ily observed that the mooring system with three
mooring lines per corner leads to lower failure rates
rather than having only two mooring lines per cor-
ner. This is reasonable since the loading on the
mooring system is distributed on three mooring
lines rather than two lines.

4.2. Electrical system time variant reliability
computation

In order to simplify the reliability computation of

the electrical systems, it can be divided into serial

and parallel sub-systems. Figure 7 illustrates the
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Figure 6: The failure rate and reliability (lower bound)
of the mooring system for each scenario

failure rate and reliability curves of the main elec-
trical system. It can be realized that the order of
magnitude of the failure rates of the main electri-
cal system is much higher than that for the moor-
ing systems. On that account, the reliability level
of the main electrical system decreases faster with
time compared to the mooring system.

1.0

Failure rate Reliability
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Figure 7: failure rate and reliability curves for the
main electrical system

4.3. FOSS electro-mechanical time variant relia-
bility computation

Using the proposed unified approach, we can esti-

mate the reliability of the FOSS. Figure 8 demon-

strates the time-dependent failure rate and reliabil-

ity curves of the FOSS. It can be seen that the or-

der of magnitudes of the failure rates and reliability
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levels of the FOSS are close to the ones of the main
electrical system which means this systems have a
significant influence on the reliability of the FOSS.
Another important conclusion in the section is that
changing the mooring system from 2 lines per cor-
ner to 3 lines per corner does not make a big differ-
ence on the reliability levels of the FOSS.

—med_8L 2tr250L V. 1.00 —med_8L 2tr250L
0.150 || —medz12r 2tr250L  / —med~12T._2tr250L
0.75
o 0.125 -
® £
o 2
£ 2 0.50
= 0.100 &
w
0.25
0.075
/
0.00 0.00
0 5 10 15 20 25 0 5 10 15 20 25

Time(years)

Figure 8: The failure rate and reliability of the FOSS

5. CONCLUSIONS

The main goal of this study is to evaluate the relia-
bility of a new type of offshore structures: floating
offshore sub-stations. This requires performing re-
liability analysis on mechanical and electrical com-
ponents of the system. A unified approach has been
proposed to calculate the failure rate of the FOSS
considering both electrical and mechanical subsys-
tems.

The proposed unified approach has been used to
evaluate the system’s failure rate. The results have
shown that the electrical subsystem has a bigger im-
pact on system’s reliability. This can be explained
by the lower reliability level of the electrical sub-
system, and serial connection of electrical and me-
chanical subsystems in FOSS.

This study has provided the primary results of re-
liability analysis of an innovative floating offshore
substation. Provided results can be enhanced by
improving the input information on dynamic cables
and mooring lines.
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