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ARTICLE INFO ABSTRACT

Keywords: The power take-off (PTO) system is a core component of a wave energy converter (WEC) that significantly in-
FMI-based co-simulation fluences its power performance. Careful design and testing of PTO systems are essential in WEC development.
Optimization

Numerical simulations have largely replaced physical testing, accelerating the PTO system design process. How-
ever, one major obstacle still prevents numerical modelling of the PTO system from achieving its full capability:
integrating the PTO system model into the global simulation of the WEC system to include the effects of all sub-
systems. This paper uses a co-simulation approach based on the Functional Mock-Up Interface (FMI) standard to
integrate a detailed PTO system model into a global WEC model that includes hydrodynamic, mechanical, and
mooring subsystems. The approach is compared against a model incorporating a simplified linear-damper PTO
system. The results indicate that a higher-fidelity PTO system model can have a significant impact on predictions
of WEC motion, mooring fatigue damage accumulation, and power performance. For example, it is observed that
a simplified PTO model can lead to a tenfold underestimation of mooring fatigue damage under some environ-

Optimal generator parameters
Power take-off system
Wave energy converter

mental conditions.

1. Introduction

Wave energy is one of the most promising offshore renewable en-
ergy sources. Waves store a large quantity of energy, as oceans cover
over 70 % of the Earth’s surface area, and waves are endlessly gener-
ated by friction between wind and surface water. The International En-
ergy Agency (2023) has predicted that the global electricity demand will
rise from its current level by over 80 % in the ‘stated policies’ scenario
by 2050 and that the additional demand will be met mainly by low-
emission sources. Due to its high energy density and consistency, wave
energy can play an important role in the transition to clean energy.

Wave energy converters (WECs) are devices that convert wave en-
ergy into electricity. They can be roughly classified into oscillating water
column devices, oscillating body systems, and overtopping converters
according to their working principles (Falcao, 2010). Although a variety
of WEC concepts have been proposed, none have reached commercial
maturity. Consequently, the International Energy Agency (2023) pre-
dicts that 95 % of the growth in renewable capacity will be in the form
of solar and wind power, whose extraction techniques are more mature.

The seemingly dim prospect of wave energy is due to the unique
technological challenges in developing WECs. Unlike their solar and
wind counterparts, WECs have not converged to a unified shape and
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working principle, which distracts the focus of scientific research and
cost-efficient industrialization. Moreover, WECs consist of multiple
deeply coupled subsystems from different fields, such as hydrodynamic,
electrical, and mechanical engineering, which need to be designed and
tested carefully to ensure that they operate in harmony.

Regardless of its working principles, an oscillating body WEC can
be divided into four subsystems: the hydrodynamic, mooring, mechan-
ical, and power take-off (PTO) systems. The modelling of the hydrody-
namic and mooring systems can usually be done in a single commer-
cial software, as these are commonly encountered components in many
ships and offshore structures. The mechanical system refers to the joints
between different components that allow only restricted relative mo-
tion. For example, a hydraulic piston rod can only translate along its
hydraulic cylinder. The modelling of the mechanical system can be per-
formed using standard rigid dynamics software.

However, the PTO system is challenging to model as it usually con-
tains multiple components that transform mechanical energy into elec-
tricity. The accuracy of the model of each component heavily affects
the fidelity of the global model and the possibility of achieving ad-
vanced optimization of PTO system parameters. For example, the energy
conversion that takes place in a hydraulic PTO system involves genera-
tors whose efficiency is affected by their revolution speed. Finding the
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\begin {equation}\mathbf {M}\ddot {\mathbf {X}}+\mathbf {C}\dot {\mathbf {X}}+\mathbf {KX}=\mathbf {F}_\text {hydro}+\mathbf {F}_\text {PTO}+\mathbf {F}_\text {mooring}+\mathbf {F}_\text {other} \label {equationM}\end {equation}


$\mathbf {M}$


$\mathbf {X}$


$\mathbf {C}$


$\mathbf {K}$


$\mathbf {F}_\text {hydro}$


$\mathbf {F}_\text {PTO}$


$\mathbf {F}_\text {mooring}$


$\mathbf {F}_\text {other}$


$\mathbf {F}_\text {hydro}$


$\mathbf {F}_\text {PTO}$


$\mathbf {F}_\text {mooring}$


\begin {equation}\nabla ^2\phi =0, \label {Laplace}\end {equation}
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\begin {equation}p=-\rho gz-\rho \frac {\partial \phi }{\partial t}, \label {Euler_integral}\end {equation}
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\begin {equation}\mathbf {F}_\text {hydro}=-\iint _{S_w}{p\mathbf {n}}dS \label {preessure_integral} .\end {equation}


\begin {equation}\mathbf {F}_\text {hydro} = \mathbf {F}_\text {hydrostatic}+\mathbf {F}_\text {excitation}+\mathbf {F}_\text {radiation}. \label {Xeqn5-5}\end {equation}
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\begin {equation}\mathbf {F}_\text {radiation}=-\mathbf {A}\ddot {\mathbf {X}}-\mathbf {B}\dot {\mathbf {X}}, \label {radiation_force_added_mass}\end {equation}
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\begin {equation}\mathbf {F}_\text {radiation}=-\mathbf {A}|_{\omega =\infty }\ddot {\mathbf {X}}-\int _0^t{\mathbf {h}\left ( t-\tau \right )}\ddot {\mathbf {X}}\left ( \tau \right ) d\tau , \label {radiation_force}\end {equation}
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\begin {equation}\mathbf {h}\left ( t \right ) =\frac {2}{\pi }\int _0^\infty {\mathbf {B}\left ( \omega \right )}\frac {\sin \left ( \omega t \right )}{\omega }d\omega . \label {radiation_impluse_eq}\end {equation}


\begin {equation}F=\sum _i \frac {R_i^m}{\alpha } \cdot \gamma _F \label {Eq_fatigue}\end {equation}
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\begin {equation}F_{31b}=F_\text {axial}+F_\text {shear}+F_\text {damping}. \label {F_31b}\end {equation}


\begin {align}F_\text {axial}&=\frac {\nu kT}{L_0}\left ( \lambda -\frac {1}{\lambda ^2} \right ),\\ F_\text {shear}&=\frac {\nu kT}{3L_0}\left ( 1-\frac {1}{\lambda ^3} \right ),\\ F_\text {damping}&=D\Delta \dot {R}.\end {align}
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\begin {equation}\lambda =\frac {L_0-\Delta L}{L_0}, \label {Xeqn11-14}\end {equation}
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\begin {equation}\Delta \dot {R}=\sqrt {\frac {V_0}{4\pi \left ( L_0-\Delta L \right ) ^3}}\Delta \dot {L}, \label {Xeqn12-15}\end {equation}
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\begin {equation}p_aV_a=p_0V_0 \label {Xeqn13-16}\end {equation}
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\begin {equation}\frac {d p_a}{d t} \approx -\kappa \frac {p_a^2}{p_0 V_0} \frac {d V_a}{d t} \label {Xeqn14-17}\end {equation}
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\begin {equation}\frac {dV_a}{dt}=\frac {dV_m}{dt}-\frac {dV_c}{dt}=\frac {V_{md}}{60}n-A\left ( w_3-w_1 \right ) \label {Xeqn15-18}\end {equation}
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optimal generator speed is crucial for the performance optimization and
design of the PTO system. A linear or Coulomb damping PTO system
model is inevitable in the preliminary design phase of a WEC, in which
the design of the PTO system has not been finalized. Such models have
also proven to be satisfactory in some macroscopic studies, for exam-
ple, on the interactions between WECs within a wave park (Shao et al.,
2023, 2024a,b), but a detailed PTO system model needs to be developed
for subtle parameter optimizations. Moreover, as the WEC is a strongly
coupled system, the mutual influence between the hydrodynamic sys-
tem and the performance of the PTO system is not negligible. However,
there is a lack of studies in which detailed models of the hydrodynamic
and PTO systems are integrated to form a comprehensive global model.
Typically, a detailed hydrodynamic model is supplemented by a simpli-
fied PTO system model, as in Bao and Yu (2024), Chen et al. (2024), and
Quartier et al. (2024), or a detailed PTO system model is coupled with
a simplified hydrodynamic system model, as in Zeinali et al. (2024).

Therefore, there are two main challenges in simulating WEC systems.
The first is how to build a detailed PTO system model that can be used to
determine the optimal generator parameters under different sea states.
The second is how to merge the PTO system model with the models of
the other subsystems flexibly and effectively to form a global simulation
model that can better capture the characteristics of a real WEC system.

The first question is addressed in this paper by developing a detailed
hydraulic PTO system model and an optimization algorithm. The de-
tailed PTO system model includes accurate representations of the hy-
draulic cylinder, accumulator, hydraulic motor, and generator. The op-
timization process uses the exhaustive method, which tries all possible
generator speeds within a range with constant intervals and then tar-
gets the generator speed that provides the highest power performance.
The second question can be solved by coupling multiple solvers. It is
not a new idea to couple different solvers to consider the combined
effects of all subsystems. Wang et al. (2024) coupled OpenFAST with
WEC-Sim to perform aero-servo-elastic simulations of offshore floating
wind turbines. Han et al. (2024) coupled OpenFAST, Ansys Aqwa, and
Python scripts to simulate floating hybrid wind-wave energy systems.
More examples involving coupling different solvers can be found in Cao
et al. (2023), Jin et al. (2023), Lee et al. (2021), Li et al. (2022), Yang
et al. (2020), and Zhang et al. (2022). The main difficulty in these ap-
proaches is in handling the communication between different solvers.
Data synchronization between solvers is a troublesome problem that
affects computation speed and efficiency. User-defined dynamic-link li-
braries (DLLs) are widely used to achieve the necessary data communi-
cation; however, this requires substantial programming effort, especially
when the number of solvers that need to be coupled is large. Engineers
may need to perform extensive research into their communication proto-
cols and interfaces. This may be beyond engineers’ expertise and distract
them from focusing on pure engineering topics. Moreover, the resulting
program may not be portable between different platforms and operating
systems, which hinders multidisciplinary collaborations across different
teams.

This paper presents a solution for the gap between simple and accu-
rate WEC simulation models by proposing a convenient co-simulation
coupling framework based on the Functional Mock-Up Interface (FMI)
standard. FMI-based co-simulation has proven its capability in many en-
gineering applications, including cellular energy systems (Venzke et al.,
2023), hydraulic excavators (Gan et al., 2023), hydraulic percussion
units (Andersson et al., 2021), hybrid vehicles (Yuan et al., 2020),
and ships (Hatledal et al., 2020). Like these systems, WECs are com-
posed of multiple subsystems and can be analysed using FMI-based co-
simulation. Coupling the detailed PTO system model with other subsys-
tem models under an FMI-based co-simulation framework should enable
straightforward and standardized data communication between differ-
ent solvers (Gomes et al., 2018). The FMI standard is supported by many
software packages and tools; a list is maintained by the Modelica As-
sociation (2024). A subsystem model developed using FMI-supported
software and tools can be exported as a functional mock-up unit (FMU).
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This is a module with input and output pins that can easily be connected
to other FMUs in co-simulation platforms, which provide co-simulation
algorithms that orchestrate the global simulation. The FMI-based co-
simulation framework frees the engineers from programming and de-
centralizes the model development process. The models developed by
different teams can be integrated easily under a unified platform, which
has far-reaching implications for industrial applications.

In the authors’ previous work, FMI-based co-simulation has been ap-
plied to simplified WECs with the PTO system represented as a linear
damper (Shao et al., 2025). In this paper, the PTO system is further
modelled in detail, and the generator parameters are optimized to im-
prove the accuracy of power estimates. The object of the case study
is WaveEL 3.0, which is an oscillating body WEC designed and devel-
oped by Waves4Power AB. It can be further categorized as a point ab-
sorber WEC as its horizontal dimension is much smaller than the wave-
length. Point absorber WECs are the most prevalent WEC type, and the
hydraulic PTO system of WaveEL 3.0 is representative, which is why
WaveEL 3.0 was chosen as the research object here for demonstration.
In addition to the comprehensive co-simulation model, a linear-damper
PTO system model is also built to compare its power performance with
that of the detailed PTO system model. Moreover, the influence of the
fidelity of the PTO system model on the predicted interaction effects
for a wave park is studied by implementing a co-simulation model of a
wave park with detailed PTO system models integrated into each WEC.

The structure of the remainder of this paper is as follows: Section 2
introduces the methodology used in the study. Section 3 describes the
modelling procedures for each subsystem. Section 4 provides numeri-
cal verification by comparing the results of co-simulations with some
previous results from simulations using DNV SESAM. Section 5 presents
and discusses simulation results, including WEC motion, PTO forces,
bumper forces, and WEC power performances. The overall goal is to
study an application case of co-simulation in integrating a detailed PTO
system model into WEC simulations and demonstrate the necessity of
this approach for specific simulation purposes.

2. Methodology

This section introduces the methodology for the WEC subsystem
modelling and the integrated global WEC modelling. The approach de-
scribed here applies to general WECs and is not restricted to certain WEC
prototypes.

2.1. Co-simulation model

For a complete WEC system model that includes the hydrodynamic,
mooring, and mechanical systems, different commercial software pack-
ages need to be coupled to achieve a global simulation. The coupling
process involves communication between different solvers. A straight-
forward way to achieve this is by using FMUs exported by software. All
FMUs have standardized interfaces following the FMI standard. Each
FMU is an encapsulated black box that takes inputs and gives outputs.
They can be easily connected on FMU-supported platforms, such as
Simulink, to enable data transfer between different solvers. This frees
engineers from heavy programming labour and enables easy integration
of different subsystem models from distributed developments.

A diagram of the co-simulation model in this study is shown in Fig. 1.
The hydrodynamic and mooring system is set up in Ansys Aqwa (Ansys,
2023a), and the mechanical system is modelled in Ansys Rigid Dynam-
ics (Ansys, 2023b). Both are exported as FMUs. The detailed PTO system
model is built in Simulink (Mathworks, 2024). Each subsystem is con-
nected on the Simulink platform to perform a co-simulation.

2.2. Mechanical system

The mechanical system in this paper refers to the overall WEC system
that converts input motion and forces into desired motion and forces.
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Fig. 1. Diagram of the co-simulation model.

The mechanical system can be fully described by the following equation
of motion:

MX + CX + KX = thdro + Fpro + Fmooring + Fother (€Y

where M is the mass matrix, X is the position vector, C is the damp-
ing matrix excluding any added damping, K is the total stiffness matrix,
Fhydro is the sum of the hydrodynamic and hydrostatic loads, Fprg is
the force from the PTO system, Fy,ooring is the force from the mooring
system, and F ., represents all other forces, for example, the wind and
current loads, which are not included in the current study. These forces
are provided by the models of the subsystems, namely, Fyq;, by the hy-
drodynamic system model, Fprq by the PTO system model, and Fy,ooring
by the mooring system model.

The WEC system is equivalent to a rigid dynamic system whose mo-
tion can be solved by the Ansys Rigid Dynamics module. Moreover, this
tool offers variant options of joints and constrictions, which can be used
to model the mechanical systems a WEC may have, such as joints be-
tween different components.

2.3. Hydrodynamic system

2.3.1. Linear potential theory and boundary element method

The linear potential theory, which is the potential theory modified
with some linearizations, is widely used in ocean engineering as it can
capture relevant hydrodynamic forces with acceptable complexity. The
fundamental equation of the potential theory is the Laplace equation:

V2 =0, (2)

where ¢ is the velocity potential. The Laplace equation is derived from
the continuity equation under two assumptions: the fluid is incompress-
ible and inviscid, and the flow is irrotational.

The linearizations taken in the linear potential theory are twofold.
First, the kinematic and dynamic boundary conditions are linearized by
Taylor expansion about the mean free surface, and only the linear terms
are kept. Second, the velocity potential is divided into three independent
parts: the incident, diffracted, and radiated potentials, which can be
solved separately by substituting each into the Laplace equation and
applying proper boundary conditions. The boundary element method
(BEM) is usually used to solve the Laplace equation to obtain the velocity
potentials at different wave frequencies. The Ansys Aqwa BEM solver is
used in this study.

The hydrodynamic and hydrostatic loads exerted on the body
through pressure can be calculated using the linearized Bernoulli equa-

tion:
¢

I 3
p=-psz=p 3)

where p is the pressure, p is the water density, and z is the vertical po-
sition of the body. The sum of the hydrodynamic and hydrostatic loads
Fhyaro can be obtained by integrating the fluid pressure p over the wetted
surface:

Fhydro = — //S pnds. )

w

This can be divided into three terms:

thdro = thdrostatic + Fexcitation * Fradiation- (5)

The three terms are the hydrostatic force Fpygrostatic> the excitation force
Fexcitation» and the radiation force F giation- SPecifically, F o giation can be
rewritten as

Fradiation = —-AX - BX, (6)

where A and B are the added mass matrix and added damping matrix,
respectively. The added mass and added damping are only relevant to
the body geometry, and they can be obtained from BEM solvers.

2.3.2. Time domain analysis

The velocity potentials and related forces described in Section 2.3.1
are calculated in the frequency domain, with the wave frequency de-
noted by w. However, when the waves are irregular with components of
different frequencies and there are some nonlinear loads such as those
from the PTO and mooring system, time domain analyses are necessary.
Cummins (1962) derived the following expression for F,giion in the
time domain:

t
Fradiation = —Alp=c X — /O h(t — n)X()dr, )

where A|,_, is the added mass matrix at infinite frequency and h is the
acceleration impulse response function. Ogilvie (1964) connected the
acceleration impulse response function with the added damping in the
frequency domain, which is written as

o .
h() = 2 / Blo) S @D 4, ®)
7w Jo 0]

Therefore, the radiation force in the time domain can be fully described
using the hydrodynamic coefficients solved by BEM solvers in the fre-
quency domain.

The other part of the hydrodynamic force, the excitation force, is the
summation of the excitation forces caused by the wave components of
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different frequencies that form irregular waves. The hydrostatic force
can be calculated using a constant hydrostatic matrix computed for the
equilibrium position or by integrating the hydrostatic pressure over the
transient wetted surface.

2.4. Mooring system and mooring fatigue damage analysis

Mooring systems are indispensable to WECs, as they prevent them
from floating away from installation sites and restrict unwanted motions
to maximize power generation efficiency. The mooring system usually
consists of mooring lines and floaters, which connect different mooring
segments. The configuration of the mooring system is designed to ful-
fil different station-keeping requirements. The modelling process of the
mooring system in this study is carried out in Ansys Aqwa, which offers
a variety of options for mooring properties.

According to the DNV (2021) standard for fibre ropes, the relative
tension, which is the ratio between the real tension and the breaking
load, should be used to estimate mooring fatigue damage. This approach
is called the relative tension-number of cycles to failure (RN) approach.
The mooring fatigue damage is estimated as

R™
F=Z‘,7'-yp )
1

where i is the index for the i-th tension cycle identified by the rain-
flow counting (RFC) method (Rychlik, 1987), R; represents the tension
range, m and « are constant parameters with values of 13.46 and 0.259
recommended by the DNV standard, and y is the safety factor, whose
value is taken to be 60 according to the DNV standard.

2.5. PTO System

The PTO system is vital in the process of transforming wave energy
into electricity. The wave energy is first converted into mechanical en-
ergy in the hydrodynamic body of a WEC by driving it to move with
the waves. For the point absorber studied in this paper, the PTO system
contains a hydraulic cylinder, a hydraulic motor, and a generator. The
mechanical energy of the hydrodynamic body is transformed into hy-
draulic energy in the cylinder to drive the motor. In this process, the
linear motion of the WEC is converted into rotations, which can be
fed into the generator. The full Simulink model of the PTO system of
WaveEL 3.0 is introduced in detail in Section 3.2.

3. Model description
3.1. Hydrodynamic and mooring system model

Fig. 2 shows the real WaveEL prototype in the test site. Fig. 3 presents
the configuration of the WaveEL 3.0 WEC system, including the WEC

and the moorings. The WEC has an overall length of 18.5m. The lower
section is a hollow cylindrical tube of length 10.7m, and the middle

Fig. 2. WaveEL 3.0 full-scale prototype in the test site on the Norwegian coast
(Waves4Power, 2024).
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Mooring 1 section 1

180 degrees Anchor

Mooring 1 section 2

Floater

Fig. 3. The mooring configuration of WaveEL 3.0. The blue arrow indicates the
wave, which is in the negative x-direction. 180 degrees represents the angle
between the wave direction and the positive direction of the x-axis.

section is a frustum with a maximum diameter of 8.0 m. Additional de-
tails of the WEC’s geometry are available in Shao et al. (2023). The WEC
is secured horizontally by three mooring legs, enabling vertical move-
ment. Each mooring leg has a submerged floater to connect the two
segments of the mooring line, as shown in Fig. 3. The main properties
of the hydrodynamic and mooring system are listed in Table 1.

3.2. Detailed PTO system model

The detailed PTO system model is a highly complex nonlinear model
involving numerous parameters and control methods. The components
of the PTO system are illustrated in Fig. 4. For WaveEL 3.0, its PTO sys-
tem comprises three main interacting components: (1) the buoy hull,
(2) the tube water, which is the water inside the acceleration tube,
and (3) the water piston. The nomenclature used indicates the forces
acting between these components; for example, F;, represents the force
from component 3 (the water piston) acting on component 1 (the buoy
hull). Sections 3.2.1 and 3.2.2 outline the modelling processes for the
hydraulic system and the tube water; the full details and equations can
be found in Zeinali et al. (2024). The models of the hydraulic motor,

Upper deck

Still water level

HC piston rod Hydraulic cylinder (HC)

HC piston
I Cassette
=
Water piston | &= Bumpers
Acceleration H)Z/

Fig. 4. Inner components of WaveEL 3.0. Note that the accumulation tank and
the generator are not shown in this figure.



X. Shao et al.

Table 1
Basic properties of the WaveEL 3.0.
Subsystem Property WaveEL 3.0
Mass [kg] 1.38 x 10°
Draft [m] 15.27
Volume [m?] 134.80
. Centre of gravity, COG,, [m]* -1.9
Hydrodynamic system g }1 i1 ertia relative to COG,,, I, [ke - m?] 2.55 % 106
Pitch inertia relative to COG,,, I,, [kg- m?| 2.55 % 10°
Yaw inertia relative to COG,,. I,, [kg - m?] 1.13 x 109
Water depth [m] 75
Type Polyester
Fairlead depth below still water line [m] 1
Anchor radius [m] 122.80
Unstretched mooring line length [m]® 96; 64.3
Mooring line diameter [m] 0.08
Mooring density [kg/m] 4.9
. Mooring unstrained axial stiffness, EA, [N] 8538
Mooring system Mooring axial stiffness coefficient, k, [Cli)ln]Slam 3.00 x 10°
Mooring axial stiffness coefficient, k, [N] 3.00 x 107
Mooring breaking load [kN] 720
Floater structural mass [kg] 2000
Floater displaced mass of water [kg] 9430
Floater added mass [kg] 6700
Drag coefficient times area [m?] 7.35

2 The origin of the reference Cartesian coordinate system is placed in the plane of
the water surface at the geometric centre of the WEC buoy when it is in its unloaded
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neutral position.

b The two values are the lengths of the mooring Sections 1 and 2.
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Wave elevation
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Fig. 5. Diagram of the WEC system’s components transforming wave energy into electrical power.

accumulator, and generator are introduced in Section 3.2.3. An overall
diagram of the data transfer path between the PTO system model and
the simplified hydrodynamic system model is shown in Fig. 5.

3.2.1. Hydraulic system

The hydraulic system comprises the hydraulic cylinder, the bumper,
and the water piston. The bumper is designed to prevent collisions be-
tween the buoy hull and the water piston. The hydraulic circuit and the
generator are encapsulated in a watertight cassette, which is connected
to the floating water piston. The connection between the cassette—piston

assembly and the buoy hull is through the piston rod of the hydraulic
cylinder. As the buoy moves with the waves, the relative motion be-
tween the buoy and the water piston drives the hydraulic cylinder. These
three components are modelled as follows:

e Hydraulic cylinder
The hydraulic cylinder module uses the position (z; and z;) and ve-
locity (w; and ws) of the buoy hull and water piston, as well as the
pressure of the accumulator, as inputs. It outputs the force F;; act-
ing on the buoy hull and the pressures at the inlet and outlet of the
hydraulic cylinder.
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Fig. 6. Bumper Kelvin-Voigt model.
e Bumper

The bumper module receives the same inputs as the hydraulic cylin-
der module. Its output is the force F;;, acting on the buoy hull. The
bumpers are made of rubber to absorb the rapid and intense im-
pacts of the water piston. The reactive force from the bumpers act-
ing on the water piston is simulated using a modified Kelvin-Voigt
model. This is illustrated in Fig. 6, in which E,;,; and Eg,, rep-
resent the stored elastic energy due to axial and shear deformation,
respectively, and the dissipated energy is modelled by a damper with
a damping coefficient D. Therefore, F;,, has three components:

F31p = Fayial + Fohear + Fdamping' (10)

According to Saccomandi and Ogden (2004), the terms in Eq. (10)
can be calculated as follows:

vkT 1
Faxial = L—O</1— ﬁ) 1
vkT 1
Fshear=m<l_ﬁ>s (12)
Faamping = DAR. 13)
Here, 4 is the compression ratio of a bumper, which is defined as
Ly— AL
1= 14)
Ly

where L, is the free bumper length and AL is the compressed length.
In addition, AR is the rate of change of the bumper’s radius. If the
bumper is assumed incompressible, then

Vo

4z(Ly— AL)

AL, (15)

where V) is the bumper’s volume.
e Water piston

The water piston experiences reactive forces F3; from the buoy hull
and F;;;, from the bumper. Its motion is also influenced by the po-
sition z,, of the tube water surface and the velocity w,; of the tube
water inlet. The primary output of the water piston module is the
force F;, exerted on the tube water. This force corresponds to the
pressure drop resulting from the flow through the narrow gap be-
tween the water piston and the acceleration tube wall. For detailed
formulae for F;,, the reader can refer to the appendix of Zeinali et al.
(2024).

3.2.2. Tube water

The dynamics of the tube water are modelled using the conservation
laws for mass and momentum. The characteristics of the tube water are
represented by the tube water inlet module and the tube water surface
module:

e Tube water inlet
The tube water inlet module takes the force F;, from the water pis-
ton, the position and velocity of the buoy hull and the tube water
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surface (z;, wy, z,,, and w,,), and the friction force F,; (which is
equal to F},) from the buoy hull as inputs. The output is the tube
water inlet velocity wy;.

e Tube water surface
The motion of the tube water surface is related to the tube water
inlet velocity w,; and the position and velocity of the water piston,
z3 and ws.

Overall, the outputs of the full PTO system are the two forces F;; from
the hydraulic cylinder and F;;; from the bumper. They are referred to
as the PTO force and bumper force in the following sections. The sum
of these two forces represents the total force exerted by the PTO system
on the buoy hull.

3.2.3. Hydraulic motor, accumulator, and generator

Unlike in Zeinali et al. (2024), the PTO system model presented in
this paper includes the conversion process from hydraulic to electrical
energy, which is achieved by the hydraulic cylinder, accumulator, hy-
draulic motor, and generator. Oil from the hydraulic cylinder feeds the
accumulator and the hydraulic motor, which converts the translational
motion into rotation and drives the generator. The accumulator is filled
with nitrogen gas, whose volume changes depending on the relation be-
tween the inflow from the hydraulic cylinder and the outflow to the
hydraulic motor. The control goal chosen for the generator and the hy-
draulic motor is to keep their rotation speed constant, which results in a
constant oil flow rate and an almost constant generator voltage. A dual-
generator setup is used, with ratings of 50kW and 100kW. They can
work in separate mode (50 kW or 100 kW) or combined mode (150 kW).

The models consider limitations and nonlinearities resulting from the
real design and safety requirements. The maximum gas volume of the
accumulator is 300 litres. The accumulator is preloaded with a minimum
pressure of 2 MPa. The gas pressure is limited to a maximum of 25 MPa
by a relief valve. The speed range of the generator is 500-3600 rpm.
A throttle valve adjusts the flow rate through the hydraulic motor to
prevent it from exceeding 3600 rpm. For safety reasons, the maximum
generator speed is limited to 3000 rpm in this study. Moreover, the gen-
erator may shift from generator mode to motor mode during short pe-
riods when the flow through the hydraulic motor is greater than the
instantaneous flow delivered by the hydraulic cylinder and accumula-
tor. Oil from the suction tank is then pumped through a flywheel valve
to support the flow of the hydraulic motor. The motor mode is also acti-
vated when the generator runs below 500 rpm due to restrictions of the
power electronics.

It is assumed that the gas temperature of the accumulator is constant.
According to the Boyle’s law,

Pa Va = pOVO (16)
where p, and V, are the gas pressure and volume at a given moment,
and p, and V}, are the gas pressure and volume at the initial state, which
in this paper is chosen as 2.3 MPa and 300 litres. The dynamics of the
gas pressure are approximated as
dp, r, dv,

~ 17
ar ~ N pgV dr a7)

where « is a coefficient ranging from 1 to 1.4, with 1 for an isothermal
process and 1.4 for an isentropic process. To model a real process that
is neither isothermal nor isentropic, « is chosen as 1.2. The gas volume
change can be written as
av, _adv, dV. V,,
At~ dr  dr 60"
where V, is the oil inflow volume of the hydraulic cylinder, V,, is the oil
outflow volume of the hydraulic motor, V,,, is the displaced oil column
of the hydraulic motor, and » is the speed of the hydraulic motor in
revolutions per minute. The hydraulic power is calculated as

dv,

-, 19
Pagy 19

- A(w; —wy) 18)

P, =
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The braking torque M, of the electric generator is used to control
the speed n of the hydraulic motor and thereby the flow through the
hydraulic motor. The dynamics of the hydraulic motor can be expressed
as
%J%:MM—ME:ZL;[;—MB (20)
where J is the moment of inertia of the joint hydraulic motor and elec-
tric generator, and M,, and M, represent the torque of the hydraulic
motor and the electric generator, respectively.

A standard proportional-integral (PI) controller is used to keep the
hydraulic motor and electric generator at a set speed. The control error
e = ng — n is input to the PI controller. The required electric torque M,
is determined by

t
Me=P<e+l/ edr>, (2D
I Jo

where the gain P and integration time I are estimated by standard meth-
ods. The electrical power of the generator is calculated as
2zn

Po=—-M, 2" (22)

3.3. Linear-damper PTO system model

A simpler approach to describing the PTO system is to model
it as a linear damper with a damping coefficient Bprg, which is
40 kN/m in this study. The time-averaged hydraulic power is calculated
as

1 [ .
Pp = T /0 BproZ;? dt. (23)

3.4. Generator configuration and speed choosing strategy

The generator configuration and speed are crucial variables that de-
termine the electric power performance. Several dimensions need to
be considered in the decision process. For safety reasons, the maxi-
mum accumulator pressure should not exceed 25MPa, and the gen-
erator speed is restricted to a range from 500 to 3000rpm. The
generator speed is expected to keep a constant value during the
operation.

To determine an appropriate generator configuration for a sim-
ulated sea state, the wave steepness (S=275HS/ng2 for irregular
waves or S =27 H /gT? for regular waves) is chosen as a criterion.
That is,

50kW : 0<5<0.01,
100kW : 0.0l < .5 <0.02, 24)
150kW @ § > 0.02.

The optimal generator speed is chosen by following the procedure
shown in Fig. 7. The optimization process uses the exhaustive method,
which tries all possible generator speeds within a range with constant
intervals. Some generator speeds are excluded because they cannot ful-
fil the requirements of accumulator pressure or cannot be maintained
during the operation. Finally, the generator speed that yields the best
power performance is chosen.

3.5. Environmental conditions

The analysed environmental conditions (ECs) are listed in Table 2
where H; is the significant wave height and T, is the peak period.
There are three regular and three irregular wave conditions. The irregu-
lar waves follow the JONSWAP wave spectrum with peak enhancement
factor y = 2.4.
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Calculate wave steepness
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Fig. 7. Generator configuration and generator speed choice strategy.

Table 2
Simulated environment conditions.
Amplitude A [m] Period T [s]
EC1 0.25 4.5
EC2 0.75 5.5
EC3 1.75 7.5

Significant wave height H, [m] Peak period T, [s]

IR-EC1* 0.5 4.5
IR-EC2 1.5 5.5
IR-EC3 3.5 7.5

2 IR stands for irregular wave.

3.6. Wave park configuration

In addition to single-WEC simulations, this study also considers a
six-WEC wave park with a hexagonal layout, as shown in Fig. 8. The
distance between each WEC is 80 m. The total footprint of the wave
park, which is denoted as R, is 139 m. Detailed dimensions can be found
in Shao et al. (2024b).

3.7. Coupling the PTO system with the detailed hydrodynamic system

The PTO system and the FMUs of the hydrodynamic, mooring, and
mechanical systems are coupled in the Simulink platform, as shown in
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(a) Wave park layout.
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(b) 3D view.

Fig. 8. Six-WEC hexagonal wave park layout.

Fig. 9(a). The yellow blocks are memory elements to avoid algebra loops.
The forces from the PTO system, F3;, F3;,, and F;, are added to the
global force in the vertical direction. For the six-WEC wave park, as
shown in Fig. 9(b), each WEC is connected with a detailed PTO system
model to form a global simulation.

4. Numerical verification

In this section, the co-simulation method is verified by comparing
its power performance predictions for a single WEC and a six-WEC
wave park with the results from previous work using DNV SESAM.
There are no experimental results for the power performance of
this WEC. Therefore, numerical verification is used to support
the reliability of the co-simulation approach. In the future, if a single
WEC or a wave park is installed in a real physical condition, the co-
simulation can be further calibrated and evaluated.

4.1. Single WEC performance

The simulated performances of a single WEC using a linear-damper
PTO system model are shown in Fig. 10 for two different modelling
frameworks. The simulation model from Shao et al. (2024b) was built in
DNV SESAM, whereas the co-simulation model was built following the
architecture shown in Fig. 1. The error percentages are less than 8 % for
EC3, which is the EC with the largest wave height. This indicates that the
two modelling approaches yield similar results for a single WEC using
a linear-damper PTO model under regular ECs. The discrepancy may be
caused by the slight differences in the mooring system and water depth
settings.

4.2. Array park performance

The power performance predictions for a six-WEC array are com-
pared in Fig. 11. Like the single-WEC case compared in Section 4.1, the
six-WEC wave park model represents the PTO system as a linear damper.
It is observed that the results from co-simulations for these cases show
similar interaction patterns to those from DNV SESAM. This comparison
verifies the ability of the co-simulation approach to capture the interac-
tion effects between different WECs in a wave park.

5. Results and discussion
5.1. The influence of generator speed
Fig. 12 shows the influence of the generator speed on the mean

power performance of a single WEC under three regular ECs. The gener-
ator speed range highlighted in red represents the generator speeds that

cannot be maintained due to low accumulator pressure. Those high-
lighted in grey will lead to the generator shifting to motor mode, which
will consume instead of producing power. The hydraulic-to-electrical
conversion efficiency is defined as the ratio of the mean electrical power
to the mean hydraulic power. According to the generator speed-choosing
strategy shown in Fig. 7, the generator speeds that lead to a relatively
high mean hydraulic power are selected for each EC and applied to fur-
ther simulations. For EC3, a relatively low generator speed is chosen
because increasing the speed results in a slight increase in mean hy-
draulic power but a significant decrease in mean electrical power and
efficiency.

5.2. PTO System and bumper forces

Fig. 13 shows an excerpt of the time history of the PTO force F;,, the
bumper force F;,, and the motion and velocity responses of the buoy
hull (z; and w;) and the water piston (z; and w;). One feature of the
detailed PTO system model can be observed in the PTO force curves:
the PTO force F;, does not vary linearly with the relative velocity as
in a linear-damper model. Instead, the mechanism inside the hydraulic
cylinder introduces nonlinearity into the PTO forces. There are plateaus
in the PTO force curves due to the dynamic valve opening conditions
of the suction, outlet, and internal piston valves. For further details of
the hydraulic piston model, readers can refer to Section C.1.4 in Zeinali
et al. (2024).

The bumper was designed to absorb intense impacts from the wa-
ter piston and provide reactive force to prevent large displacements. As
shown in Fig. 13, the bumper functions only under EC3. When the rel-
ative motion (z; — z;) between the water piston and the buoy hull is
beyond the limited stroke length, which is 1.75 m, the bumper exerts a
reactive force on the water piston that is opposite to its motion direc-
tion. The peak bumper force can be three times larger than PTO forces,
which indicates that it can greatly influence the motion of the WEC.

5.3. WEC Motion

Fig. 14 compares the range of motion of the WECs in the horizon-
tal plane for PTO models with different fidelity levels under three reg-
ular ECs. The maritime term ‘watch circle’ is adopted here, which is
defined as the circular area in which WECs can move. It is observed
that the inclusion of a detailed PTO system model with a higher fi-
delity results in changes in the size of watch circles and that the size
of this effect depends on the wave period and height. It is shown in
Fig. 14 that under EC1, WEC 1, which is the first WEC that encounters
the incoming wave, is the most sensitive to the changed PTO model.
The watch circles of the other WECs, WECs 2 to 6, also tend to expand
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Fig. 9. Co-simulation model embedded with a Simulink PTO model.

when applying a detailed PTO system under EC1. However, under EC2
and EC3, the range of motion is not strongly affected for any of the
WECs by the changed fidelity level of the PTO system model. A possi-
ble explanation for this phenomenon is that under mild ECs, when the
hydrodynamic forces are relatively small, the inclusion of a nonlinear

PTO force will greatly affect the overall dynamic response of the WEC
motion, whereas in ECs with larger wave heights, the influence of the
nonlinear PTO force on WEC motion responses is minor. The size of
the watch circle is crucial in determining the minimum WEC separation
distance needed to avoid collisions between WECs and floaters, reduce
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model. The results of DNV SESAM come from Shao et al. (2024b).
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Fig. 11. Wave park performance comparison with a linear-damper PTO system
model. The results of DNV SESAM come from Shao et al. (2024b).

the risk of mooring line entanglement and optimize the mooring and
anchoring system design. Therefore, when designing wave parks, the
simulation model should include a detailed PTO model to avoid under-
estimation of the size of the watch circle, especially for compact wave
parks.

5.4. Mooring fatigue damage

The mooring lines are subjected to cyclic loads, which lead to fa-
tigue damage over time. As shown in Fig. 14, different PTO models re-
sult in different WEC motion range predictions. Therefore, the tension
and cyclic stress ranges within the mooring lines, whose main function
is to restrict horizontal WEC motion, are also affected when adopting
PTO models with different fidelity levels. The global simulations are
run for 3600 s to obtain the mooring stress history. The mooring fatigue
damage is calculated using Eq. (9) and multiplied by a coefficient of
24 x 365 to extrapolate the accumulated fatigue damage after one year of
operation.

The accumulated mooring fatigue damage at the fairlead of each
WEC with a detailed PTO system model under three irregular waves is
shown in Fig. 15. The curves indicate the greatest fatigue damage ob-
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Fig. 12. WEC power performance variation with generator speed. The vertical
dotted lines indicate the generator speeds selected for further simulations.

served for each WEC unit. By comparing these results with Fig. 8, it can
be observed that the mooring lines that are aligned with the incoming
wave directions are the ones that experience the most fatigue damage
in each WEC unit. The magnitude of fatigue damage depends on the
severity of wave conditions: from IR-EC1 to IR-EC3, the fatigue damage
increases.

Fig. 16 compares the maximum accumulated mooring fatigue dam-
age for each WEC unit observed in the results of global models us-
ing a linear-damper PTO model and a detailed PTO system model.
The percentages represent the relative increase in the mooring fatigue
damage if the PTO system model is upgraded from a linear damper
to a detailed PTO system model. In general, the fidelity level of the
PTO system model influences the prediction of mooring fatigue dam-
age. The largest discrepancy observed in Fig. 16 occurs in M33 un-
der IR-EC3, for which the fatigue damage is about ten times higher
if a detailed PTO system model is used. This is intuitive; because the
global model is strongly coupled with all the subsystem models, the fi-
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Fig. 13. Forces and motion.

delity level of a subsystem model is expected to affect the results of
other subsystem models.

5.5. Influence of the detailed PTO system on wave park performance
predictions

5.5.1. Single WEC

The power performance estimates for a single WEC obtained using
different PTO system models are compared in Fig. 17. Under EC1 and
EC2, the detailed PTO system tends to overpredict the power perfor-
mance. The discrepancy stems from the difference in how power per-
formance is calculated. The linear-damper model simplifies the whole
PTO system to a damping coefficient and calculates the hydraulic power
using Eq. (23). The detailed PTO system model considers the inner com-
ponents of the PTO system and calculates the hydraulic power using
Eq. (19). Although the generator speed in the detailed PTO system model
and the damping coefficient in the linear-damper PTO model are chosen
following the same criterion, which is to attain the ‘optimal’ power per-
formance, there may still be a mismatch between the generator speed
and the damping coefficient. This mismatch leads to the difference be-
tween the power predictions under EC1 and EC2.
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Fig. 14. WEC motion within a wave park under different ECs.

Under EC3, the power prediction from the detailed PTO system
model drops significantly compared with both its power performance
under EC2 and the predicted power from the linear-damper PTO system
model. This is due to the restrictions imposed by the bumpers on the
stroke of the water piston. It is observed in Fig. 13 that the water pis-
ton hits the bumpers frequently under EC3, causing reactive forces and
energy absorption by the bumper, whereas the water piston never hits
the bumpers under EC1 and EC2. In the linear-damper model, this re-
striction is not considered. Therefore, the power performance from the
detailed PTO system model is less than that from either the detailed PTO
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is indicated by the percentages.

system model under EC2 or the linear-damper PTO system model under
EC3.

Under IR-EC1 and IR-EC2, the power predictions from the two PTO
system models are similar, which indicates a good match between the
damping coefficient and the detailed PTO system model. The power pre-
diction from the detailed PTO system model shows an overall increasing
trend from IR-EC1 to IR-EC3. This means that the restriction effect from
the bumper on the water piston under IR-EC3 is not as severe as that
under EC3. Nevertheless, the linear-damper model under IR-EC3 yields
a larger power prediction, as it does for EC3.
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Overall, under wave conditions that will not activate the bumpers,
the linear-damper PTO system can be calibrated by changing its damp-
ing coefficient so that it yields power predictions similar to those of the
detailed PTO system model. However, the detailed PTO system model
is indispensable when the bumpers are activated and provide reactive
forces to the water piston, as, in this case, the power performance will
greatly deteriorate due to the stroke restriction and energy absorption
by the bumpers.

5.5.2. WEC Park

Fig. 18 shows the interaction factors of the wave park under the
simulated wave conditions. The interaction factor is defined as the ratio
of the power performance of each WEC within a wave park to the power
performance of a single WEC under the same wave conditions and using
the same PTO system model. Comparing the regular and irregular wave
cases, an overall observation is that the irregular waves tend to even out
the power performance of each WEC within the wave park due to the
randomness of the wave components.

Under regular wave conditions EC1 and EC2, the linear-damper and
detailed PTO system models give similar interaction factor patterns.
However, under EC3, a significant difference is observed. Although the
interaction factors predicted by the two models are both equally dis-
tributed among the WECs, the detailed PTO system model produces a
larger interaction factor of around 1.5 than the value of around 1 ob-
tained for the linear damper. The reason is that under EC3, as discussed
in Section 5.5.1, the water piston hits the bumper, resulting in reduced
power performance, whereas in the wave park under the same wave con-
dition, the radiation and diffraction lead to a combined effect in which
the water piston hits the bumper less frequently. Therefore, within the
wave park, the power performance of each WEC increases compared
with a single isolated WEC under EC3.

Under irregular wave condition IR-EC1, the interaction factors from
the two models differ significantly. The interaction factors from the
linear-damper PTO system model are less than one, indicating destruc-
tive interaction effects, whereas the detailed PTO system model predicts
positive interaction effects. Although the results need to be validated
through physical experiments, this major difference indicates that the
fidelity level of the PTO system model has a significant influence on the
interaction factor predictions for some ECs. Under IR-EC2 and IR-EC3,
the two PTO system models give similar interaction factor predictions,
close to one, for each WEC. This means that the power performance of
the WECs is even within the wave park and that the interaction effect is
negligible.

Overall, the comparison of the interaction factors from the two mod-
els shows that the fidelity level of the PTO system model influences the
power performance predictions within the wave park. Validation and
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-mLinear damper

W
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Fig. 17. Single WEC power performance under regular and irregular waves.
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Fig. 18. Interaction factors under simulated wave conditions. The distance from each dot to the origin represents the interaction factor. The grey hexagon indicates

the unit interaction factor.

calibration of the PTO system model need to be carried out through
physical experiments, which will be done in future work.

6. Conclusions

This paper integrated a detailed PTO system model into WEC system
simulations within an FMI-based co-simulation framework. For the first
time, a co-simulation model of a six-WEC wave park was developed that
incorporates a detailed PTO system model in each WEC. This model
was used to investigate the influence of PTO system model fidelity on
predictions of power performance and mooring force in a wave park.

The FMI-based co-simulation framework enabled the coupling of
the detailed PTO system model with other subsystem models for both
single-WEC and wave park simulations. The ability of FMI-based co-
simulations to perform fully coupled global simulations and capture in-
teraction effects within wave parks has been verified.

The numerical results of single WECs and wave parks have been thor-
oughly analysed. From the simulation results under six selected regular
and irregular wave conditions, several conclusions can be made:

e Incorporating a more detailed PTO system model with higher fidelity
leads to changes in the size of the WECs’ watch circles, and the extent
of this effect depends on the wave period and height.

¢ Under the simulated regular wave condition EC3 with the highest

wave height, the reaction forces from the bumper can be three times

larger than the PTO forces, indicating the necessity of modelling the
detailed PTO system.

The fidelity level of the PTO system model also affects the mooring

fatigue damage estimation. The largest discrepancy was observed for

IR-EC3, in which case the mooring fatigue damage in M33 was ten

times higher when the detailed PTO system model was used.
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e The comparison of interaction factors from different PTO models
shows that model fidelity affects power performance predictions in
a wave park.

It is recommended that future studies focusing on WEC performance
and mooring force predictions should consider the PTO system model’s
fidelity level, which may have a large influence on the accuracy of the
final results. The proposed FMI-based co-simulation framework can be
applied to the modelling of other industrial applications in the renew-
able energy field with coupled subsystems such as wind turbines. Fu-
ture work will involve validating and calibrating the PTO system model
through physical experiments.
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