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Abstract. As offshore activities move into deeper and harsher waters, conventional mooring systems face grow-
ing limitations. Traditional steel-based designs are heavy, costly, and prone to corrosion, prompting the explo-
ration of alternatives. Lightweight synthetic fibers like polyester (PET), high-modulus polyethylene (HMPE), and
polyamide offer advantages in weight and durability but also introduce trade-offs in strength, elasticity, fatigue
resistance, and cost. One solution is hybrid mooring lines with combinations of different materials in series. This
design balances the strengths of each material while minimizing their weaknesses. However, creating such systems
is complex and requires careful tuning of material properties, dimensions, and configurations. This study presents
an optimization framework for hybrid mooring systems, using simulations to assess performance under offshore
conditions. Tools like OpenFAST are used to evaluate dynamic system responses to waves, currents, and winds.
The optimization targets both performance and cost, balancing integrity, stability, and affordability. The approach
is applied to floating offshore wind turbines (FOWTs), specifically the OC4 DeepCwind 5 MW platform. The
framework identifies optimal configurations for hybrid mooring lines, combining HMPE and polyester segments.

Keywords: floating offshore wind turbines, hybrid mooring lines, optimization, synthetic materials, OpenFAST
simulation

1 Introduction

Floating offshore wind turbines (FOWTs) have emerged as a key solution to unlock wind energy potential
in deepwater regions where fixed-bottom structures are not feasible, as shown by Jonkman [1], Wang et al. [2].
A critical challenge in FOWT deployment is the design of mooring systems that ensure structural integrity and
station-keeping performance while remaining economically viable. Jiang [3], Chevillotte [4]], Banfield et al. [3]]
have shown that Traditional steel-based mooring lines, although widely adopted, are heavy, prone to corrosion,
and expensive over the lifecycle of the platform.

To address these challenges, synthetic materials such as polyester, high-modulus polyethylene (HMPE), and
polyamide have gained traction due to their favorable weight-to-strength ratios, corrosion resistance, and fatigue
performance, as noted by Bastos [6], Bastos et al. [7], da Cruz et al. [8], Stumpf et al. [9]. Nevertheless, each
material brings trade-offs in elasticity, cost, creep behavior and dynamic response under operational and extreme
conditions (Chevillotte [4], Banfield et al. [5]], Sgrum et al. [[10]). These limitations have encouraged the exploration
of hybrid mooring lines, which strategically combine different materials to leverage their respective strengths
(Stumpf et al. [9], Ansari [L1], Leite et al. [12]).

Designing such hybrid systems is inherently multidisciplinary and complex, requiring robust modeling of hy-
drodynamic, aerodynamic, structural, and material interactions, as discussed by Hall et al. [13]], Hall and Goupee
[[14]]. Quasi-static approaches, though computationally efficient, often fail to capture the dynamic behavior and load
exchanges in hybrid configurations, leading to underestimation of fatigue and extreme loads (Hall et al. [13]], Ab-
delmoteleb and Bachynski-Poli¢ [[15]). Frequency and time-domain models, when paired with realistic environ-
mental loading and material behavior, including nonlinearity and hysteresis, offer better results (Abdelmoteleb
and Bachynski-Poli¢ [15]], Al-Solihat and Nahon [16]). Frequency domain analysis, while computationally effi-
cient, requires simplified assumptions about the system’s dynamic response, which may not accurately reflect the
complex interactions in hybrid mooring lines (Abdelmoteleb and Bachynski-Poli¢ [15]), therefore, time-domain
simulations are applied in this study.
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To support the design of hybrid mooring systems, this work proposes an optimization framework that in-
tegrates simulation tools and material-specific models. The framework uses OpenFAST [17] to simulate the dy-
namic response of moored FOWTs under combined wind, wave, and current loads, ensuring accurate evaluation of
translational and rotational motion, mooring tension, and anchor loads. The optimization process simultaneously
minimizes system cost and maximizes structural and dynamic performance metrics.

This methodology is applied to the OC4 DeepCwind 5 MW platform, as described by Robertson et al. [[18]],
a widely adopted benchmark for semi-submersible FOWTs. The hybrid mooring line is composed of HMPE and
polyester segments, with the framework identifying optimal length and diameter configurations. The approach
offers a scalable solution for future design automation efforts, where population-based algorithms and alternative
optimization techniques could enhance the search for optimal mooring solutions across broader design spaces
(Leimeister et al. [[19], Ja’e et al. [20], Jiang et al. [21]]).

2 Optimization framework

The optimization framework proposed in this study seeks to identify an optimal configuration of a hybrid
mooring line for a floating offshore wind turbine (FOWT). The framework is designed to use COBYLA (Powell
[22]) to simultaneously minimize the total cost of the mooring line and optimize key performance metrics related
to the structural integrity and stability of the system.

2.1 Objective functions

The objective function (T)) is formulated as a weighted sum of the individual objective functions, normalized
by their baseline values. That is,

wzfz(ﬁ) _ wcfc(ﬁ)

scale scale
F; F

wdfd(ﬁ) + wsfs(ﬁ)

f<ﬁ<— Z) = Z + chale F'scale ’ (])

where f(p < Z) represents the overall objective function, f;(p) are the individual objective function values for the
input design parameters 2 evaluated as the parsed parameters p from the softmax mapping procedure discussed in
section w; are the weights reflecting the relative importance of each objective, and F°/* are scaling factors,
typically set to baseline values for normalization. The indices d, ¢ and s are the dynamic, cost and structural
identifiers, respectively. The scale and weight parameters used for the study case can be found in Table [I|and are
picked based on preliminary analysis. Alternatively, this values can be assigned as the unscaled objective function
values of a random run.

Table 1. Scale Parameters

chcale Fsscale Fscale Ws = Wy = W,

200,000 1 20 1

This reduces the multi-objective optimization to a mono-objective optimization problem, which can be solved
using standard optimization algorithms.

2.2 Design parameters

In the optimization framework adopted in this study, the design parameters define the geometric and material
configuration of the hybrid mooring line. These parameters are used to evaluate three performance aspects: the
cost of the line, its dynamic response under environmental loading, and its structural safety. Each of these aspects
is quantified by an individual objective function (f., f4, fs, respectively).

The overall optimization problem is originally multi-objective, since cost, dynamics, and safety can be con-
flicting design drivers. However, in this work the problem is reformulated into a single weighted objective function
((1), obtained by normalizing and combining the three components. This allows the optimization to be solved
with standard constrained algorithms while still reflecting the trade-offs among the objectives.

It is important to note that, in addition to contributing to the global objective, the structural safety function
(fs) is also enforced as a constraint. Specifically, the safety factor must remain above a predefined threshold
(1.6 in this study), ensuring that only feasible configurations are considered. Similarly, the dynamic objective is
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subject to a maximum displacement constraint (15 m), which prevents solutions that compromise station-keeping
performance.

The design parameters Z’ can be divided into two categories, the first being the relative lengths of each section
of the mooring line z?, and the second being the unchanged input properties of each section z. The design
parameters are defined as follows:

The linear lengths ['of each section s, where the total line length is given by Zivzl ls = L,, can be expressed

. . - I
as relative lengths using p?, = -
the relative lengths of each section, where Zivzl pP, = 1. To ensure this criterion is met, the optimization
framework employs a softmax mapping function. The softmax mapping function can be expressed as

Since L is a constant, the optimization problem can be reduced to optimizing

2P
- [Sa

PPy = —5

Zn:l ez_i’n 7

where 2P are the input parameters for the parsed relative to section sizes parameters p?, and N* is the number of
sections in the mooring line. The softmax mapping function ensures that the relative lengths of each section are
non-negative and sum to one, allowing for a well distributed design space across the standard simplex.

The second category of design parameters z* includes the unaltered properties of each section. The model
accepts the diameter dg of each section s, and a slack value where L, = L - slack, with L being the geometric
length. These parameters are not constrained by the softmax mapping function, allowing for independent opti-
mization of each section’s diameter and slack value. For the current study, the diameters are shared between the
sections ds = d, where d is the shared diameter, and the slack value is set to 1 and is unused as an optimization
parameter for the taut-leg configuration.

Finally, the parsed input vector ' is defined as a concatenation of the relative lengths p? and the raw input
2" = d and is expressed as jj < 7 = {p_f”, 27}.

2)

Cost objective function f,

The cost objective f. is expressed as the summation each section cost, which is calculated based on the linear
cost ¢ (USD/m) of each section material and their line lengths using

fe(P) = Z(pﬁi)s - Lo) - cs, (3)

where the linear costs are computed as discussed in section 3]

Dynamic objective function f;

Two parameters are used to evaluate the dynamic behavior of the FOWT: the total displacement and the total
rotation, which are computed from the OpenFAST dynamic simulation results as

fa(B) = |AY] — gmaw 4 | A7), )

where 0™ is the project maximum displacement, set as 15 m for the study case, At represents the total trans-
lational displacement of the FOWT, which is calculated as the square root of the sum of the squares of the sway,
surge, and heave components as in

|&t| - \/sway2 + surge? + heave?. (5)

Similarly, A" represents the total rotational displacement, which is calculated as the Euclidean distance of the
pitch, roll, and yaw components in

\&ﬂ = \/pitch2 + roll® + yaw?2. (6)

These parameters provide a measure of the dynamic response of the FOWT under varying environmental
conditions, ensuring that the optimization framework accounts for both translational and rotational stability.

Structural objective function f,

The structural objective function is defined as the maximum safety coefficient, which is computed as the
fraction of the maximum tension in the simulation and the minimum breaking load (MBL) of a cable section. The
minimum safety coefficient is set as a model constraint.
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—

F; 1
fs(@ - maX(MEL )7 fs(m < STC (7)

%

Here, F’z represents the maximum tension experienced by the i-th section of the mooring line during the
simulation, while M BL; is the minimum breaking load of the same section. The safety factor S is a predefined
threshold that ensures the structural integrity of the mooring line by constraining the minimum allowable safety
coefficient, a threshold of 1.6 is used in the study case. This constraint guarantees that the design remains within
acceptable safety margins under operational and extreme conditions.

3 Material properties

The mooring line considered in this study is composed of two sections, each fabricated from distinct materials:
high-modulus polyethylene (HMPE) and polyester. The mechanical and economic properties of these materials
are parameterized as functions of the section diameter d, following the methodology implemented in the MoorPy
library (Hall et al. [23]]). This approach enables the evaluation of mass, strength, stiffness, and cost for each section
based on its geometric characteristics. The constitutive model employed is linear elastic. Table [2] summarizes
the Equations for key properties of each mooring line section as a function of diameter d, axial stiffness £ A and
minimum breaking load MBL.

Table 2. Section property equations as a function of diameter d (adapted from MoorPy Hall et al. [23]]).

Property Equation

Mass/length m = o, d?

MBL S Bide

Axial stiffness Y v;d’ + v4 MBL

Cost/length > 6rdk + 4m + 65 EA + 56 MBL

In these expressions, o, 3, vj, and 6, are material-specific coefficients determined empirically or from manu-
facturer data. The specific coefficients for polyester and HMPE, as adopted from MoorPy (Hall et al. [23]), are
summarized in Table 3]

Table 3. Material property coefficients for polyester and HMPE mooring lines, as used in MoorPy version
1.1.0 (Hall et al. [23]]).

Coefficient Polyester HMPE

Q. (mass_d2) 679 kg/m? 496 kg/m3

B2 (MBL_d2) 308 x 10 N/m? 580 x 10 N/m3
B3 (MBL.d3) 0 651 x 10% N /m?
74 (EAMMBL) 14 56

86 (cost MBL) 1.65 x 107 USD/(m-N) 1.4x 10~ USD/(m -N)

The omitted coefficients are zero for both materials. Remaining material properties are set to the Moorpy default
values for each material.

4 Test case: OC4 DeepCwind FOWT

The test case is based on the OC4 DeepCwind platform Robertson et al. [[18] semi-submersible SMW floating
wind turbine shown in Figure[I] The structure is fixed to the seabed using a hybrid mooring line composed of two
sections in series: a HMPE section and a polyester section. The optimization framework is applied to identify an
optimal configuration of the mooring line to a prescribed maximum offset.

CILAMCE-2025
Proceedings of the XLVI Ibero-Latin-American Congress on Computational Methods in Engineering, ABMEC
Vitéria, Brazil, November 24-27, 2025



G. Hilgert, F. Stumpf

A~

Figure 1. The OC4 DeepCwind SMW FOWT. The turbine is facing the opposite direction (operational wind) from
the simulations (extreme wind direction), where the back (180°) mooring leg is loaded while the others remain
relaxed.

4.1 Mooring line configuration

The FOWT station-keeping system employs a hybrid mooring line composed of two sections, with the heavier
cable (PET) placed at the bottom. To ensure stability, a maximum translational displacement of 15 m is imposed
as a constraint during the optimization process. The main configuration is summarized in Table[d] Three mooring
lines, each divided into two material sections, are arranged at heading angles of 60°, 180°, and 300° relative to the
platform, providing symmetric station-keeping. The anchors are positioned at a radius of 840 m from the platform
center. The fairlead points, where the mooring lines connect to the platform, are located at a depth of 14 m and
a radial offset of 40.868 m from the center along the heading angles. Each mooring line is discretized into 80
elements for numerical simulation. To guarantee that each section contains at least one element, the number of
elements per section is defined as n; = [Nelemems . p_f”s] , where Nelements = 80 is the total number of elements

in the mooring line and p? is the relative length of section s.

Table 4. Mooring line configuration parameters for the OC4 DeepCwind FOWT.

Parameter Value
Water Depth 200 m
Line Heading Angles  [60°,180°,300°]
Anchor Radius 840 m
Fairlead Z Elevation —14m
Fairlead Radius 40.868 m
Number of Elements 80

4.2 Environmental conditions

The wave conditions are generated using the OpenFAST HydroDyn module with a white noise spectrum. The
significant wave height is set to 1.788 m and the peak period is set to 10s. Table [ summarizes the main sea state
properties.

The wind conditions are generated using the OpenFAST AeroDyn module with a wind speed of 12m/s at a
reference height of 90 m. Table [f] summarizes the main wind conditions used in the InflowWind simulation.

5 Results

To evaluate the performance of the proposed optimization framework, a series of simulations are conducted
using OpenFAST. The optimization process was executed with the COBYLA algorithm, which is well-suited for
constrained nonlinear optimization problems, as described by Abdelmoteleb and Bachynski-Poli¢ [15]], Leimeister
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Table 5. Key sea state input conditions from HydroDyn SeaState file

Parameter Value

Wave model (WaveMod) White noise spectrum (3)
Significant wave height (WaveHs) 1.788 m

Peak spectral period (WaveTp) 10s

Wave direction (WaveDir) 0°

Number of wave directions (WaveNDir) 1

Table 6. Main wind conditions used in InflowWind simulation

Parameter Value
Wind type (WindType) Steady (1)
Horizontal wind speed 12 m/s @ 90 m height

Wind propagation direction 0° (aligned with X-axis)
Upflow angle (VFlowAng) 0°
Power law exponent (PLExp) 0 (no shear profile)

Velocity interpolation in time  Linear

et al. [19]. The algorithm iteratively adjusts the design parameters to minimize the objective function while adher-
ing to the specified constraints. A coarse mapping of the design parameters was employed to the selection of the
initial conditions in Fig[2]

5.1 Solution mapping

Since COBYLA is not a global optimizer, the solution is sensible to the initial conditions. The solution
mapping in [2]is used to determine candidate solutions for the problem. The evaluation is set at starting point of
pP = [50%, 50%)] relative lengths and a line diameter of 80mm. Other tests using different starting points lead
to different solutions lead to results in the valleys (dark blue) regions of the map in Figure [2] Despite that, those
solutions provided similar results to the one provided in the next section.
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Figure 2. Total error by diameter and relative section sizes.
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5.2 COBYLA results

The COBYLA optimization results are presented in Table[7} The Table reports the design parameters, objec-
tive function values, and computational times. The optimization process successfully converged to a solution that
minimizes the total cost while maintaining acceptable performance metrics. Simulation times of 300 s are adopted
for demonstration purposes. Real-world applications, however, should account for industry-standard environmen-
tal, safety, and simulation requirements.

Table 7. COBYLA optimization results

Setup Value Result Value
Calls / Time 24 (~2h) f 8.6
Start 50% HMPE / 50% PET @ 80 mm | f. USD 868,668
Simulation 300s fa I15m
Final Design  60% HMPE / 40% PET @ 80 mm | f; 1.91

Table 8. Line-section results obtained for the configuration analyzed from Table

Parameter Relative Length Length Cost fs
HMPE 60% 494m USD 836,946 391
Polyester 40% 326m  USD 31,722 191

The identified sectional results for the solution can be seen in Table[8] Cost is computed according to Equation
(@) using the cost model from Table [2] using the parameters from Table 3]

6 Conclusion

The optimization framework presented in this study provides a systematic approach for designing hybrid
mooring lines for FOWTs. By combining multiple materials, the framework achieves a balance between cost,
structural integrity, and dynamic performance. The use of OpenFAST for numerical simulations enables the eval-
uation of mooring line behavior under realistic environmental conditions. The results show that the proposed
framework can identify locally optimal configurations for hybrid mooring lines, achieving significant cost reduc-
tions while preserving key performance metrics. Moreover, the findings suggest that hybrid material solutions are
particularly promising under strict diameter and displacement constraints. Nonetheless, the current implementation
is limited by the absence of global optimization strategies and a multi-objective formulation.

Future work may extend the framework by incorporating additional materials, refined failure criterion, more
realistic mooring and environmental conditions, and longer simulation times. The integration of global multi-
objective optimization algorithms and machine learning techniques may further enhance the design process; for
instance, population-based algorithms can achieve global optimization and generate Pareto fronts rather than con-
verging to a single optimum, as shown by Jiang [3]], Leimeister et al. [19]], Jiang et al. [21]]. Overall, this study
contributes to ongoing efforts to improve the sustainability and performance of offshore wind energy systems by
demonstrating the viability of hybrid mooring lines for deepwater applications. The use of optimization algo-
rithms such as COBYLA highlights their ability to rapidly converge to local minima, making them effective tools
for fine-tuning design parameters, particularly in large-scale scenarios.
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