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Semi-submersible floating offshore wind turbines (FOWTSs) are susceptible to platform inclination induced by
wind thrust, which amplifies motion responses, reduces power generation efficiency, and compromises struc-
tural safety. To mitigate these challenges, an active ballasting system (ABS) can be introduced to dynamically
redistribute the ballast water within the platform. A fully coupled aero-hydro-servo-elastic model is developed
Acti ; in SESAM, where the effects of ballast water movement are represented by applying external moments to the
ctive ballasting system
Coupled analysis platform. Real-time interaction between the floating structure and the active ballasting program is established
TCP via TCP communication. The program, implemented in Python, employs a PID control algorithm based on plat-
form pitch and roll angles, while incorporating pump flow constraints. The IEA 15 MW floating wind turbine is
selected as the reference model. The coupled model is validated by comparing the motion responses of the FOWT
without active ballasting against published benchmarks. Additionally, computational fluid dynamics (CFD) sim-
ulations are carried out to investigate the hydrodynamic behavior of the FOWT under both upright and inclined
conditions. The active ballasting system is then applied in time-domain simulations under a range of environ-
mental conditions. Simulation results demonstrate that the average inclination is reduced to near-zero, while the

mean power output is improved under identical operating scenarios.

1. Introduction

The global energy crisis and growing environmental concerns have
accelerated the expansion of wind power, which is expected to account
for 28 % of global electricity generation by 2050 (Eriksen et al., 2024).
Compared to onshore wind energy, offshore wind offers distinct advan-
tages, including higher and more consistent wind speeds, lower tur-
bulence intensity, greater spatial availability, and reduced visual and
noise pollution (Haider et al., 2024). Consequently, wind energy de-
ployment is shifting toward deep-sea regions, with turbine structures
evolving from fixed-bottom foundations to floating offshore wind tur-
bines (FOWTs), making them a key focus for future development. Unlike
fixed-bottom turbines, FOWTs rely on floating platforms to maintain sta-
bility and use mooring systems for station-keeping, making them more
vulnerable to environmental forces such as turbulent winds, random
waves, and tidal currents. These factors present significant challenges
to system stability and operational efficiency. Overcoming these chal-
lenges necessitates a comprehensive understanding of FOWT dynamics
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and the integration of multidisciplinary design approaches to develop
effective optimization strategies.

Meanwhile, as rotor diameters increase, the height of FOWTs also
increases, amplifying dynamic effects due to their floating foundations
(Edwards et al., 2023). This leads to larger tower-top displacements,
raising the risk of fatigue, platform inclination, or capsizing (Gao et al.,
2024). According to the Det Norske Veritas (DNV) design specifications
(DNVGL-RP-0286) (Dnv, 2019), the maximum allowable tower-top ac-
celeration for floating wind turbines in operation is 0.3 g, while the
inclination angle should not exceed 10°. When FOWTs are in operation,
the blades experience both lift and drag forces, driving rotor rotation
while also being subjected to wind thrust. This thrust induces an aver-
age inclination angle on the windward side of the floating platform, af-
fecting its hydrodynamic performance, power generation efficiency, and
structural integrity. The effects of inclination angles on platform hydro-
dynamics were investigated through physical model experiments and
frequency-domain numerical simulations (Amaral et al., 2021), where
pitch motion was found to induce additional resonance responses due
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to the inclination angle. Similarly, time-domain simulations were con-
ducted to examine the nonlinear response of semi-submersible platforms
with large inclination angles (Antonutti et al., 2016), and it was demon-
strated that increased inclination significantly amplified motion ampli-
tudes. From an aerodynamic perspective, platform pitch motion has
been shown to reduce power output and increase blade stall risk (Wen
et al., 2018), while computational fluid dynamics (CFD) studies further
reveal that platform-induced aerodynamic load fluctuations and nega-
tive damping effects can amplify motion responses and impair efficiency
(Feng et al., 2023). Under the combined influence of this average incli-
nation and irregular wave excitation, the maximum pitch or roll angle
of the platform may exceed the design safety limits, potentially resulting
in reduced power performance or even triggering protective shutdown
mechanisms. These findings underscore the critical impact of platform
inclination on system performance and stability.

Therefore, mitigating platform motion is essential for ensuring the
operational reliability and efficiency of FOWTs. Extensive research has
been conducted on blade pitch control, nacelle and tower vibration mit-
igation, and platform motion control, exploring both active and passive
strategies to improve overall system stability and performance.

Among these efforts, active blade pitch control remains a commonly
explored strategy to regulate aerodynamic thrust and reduce platform
motion (Wang et al., 2023), with the aim of improving power stabil-
ity. The National Renewable Energy Laboratory (NREL) developed the
open-source Reference OpenSource Controller (ROSCO) (Abbas et al.,
2022), and simulation analyses on the NREL 5 MW and IEA 15 MW tur-
bines showed that ROSCO could reduce maximum rotor thrust by over
10 % and suppress platform pitch by up to 30 %. Widely integrated into
simulation tools such as FAST, Blade, and SESAM, ROSCO has provided
a valuable foundation for subsequent pitch control research. Building
on this, Gao et al. (2024) proposed a nonlinear pitch controller that
maintained stable generator output under high wind speeds while ef-
fectively mitigating platform pitch motion. Comparative studies on the
NREL FAST platform confirmed its advantages over conventional meth-
ods. Although the improved pitch strategy in ROSCO improves stability,
it inevitably leads to power loss, highlighting the trade-off between load
reduction and energy efficiency. As rotor sizes grow, pitch control be-
comes more challenging; Santos et al. (2022) showed that larger rotors
prolong the natural pitch period, slowing control response and risking
instability, highlighting the need for advanced strategies. Grant et al.
(n.d.) investigated the integration of a parallel compensation blade pitch
controller with low-bandwidth buoyancy-can ballasting using Open-
FAST, showing that static ballasting and floating feedback control can
act in synergy to reduce platform motion and structural loads.

In addition to blade pitch control, researchers have investigated na-
celle and tower vibration reduction using tuned mass dampers (TMDs),
a technique adapted from civil and mechanical engineering. Depend-
ing on the presence of control systems, these devices are categorized
as passive TMDs or active mass dampers (AMDs. AMDs apply forces
directly to the structure, offering improved control over dynamic re-
sponses (Zhang et al., 2025). Cai and Zhang (2021) and Zhang et al.
(2023) demonstrated the effectiveness of passive TMDs in reducing pitch
motion through numerical simulations and physical model tests, achiev-
ing up to 14.7 % pitch reduction. However, passive TMDs are sensitive
to structural variations and lack robustness. To address this, He et al.
(2020) proposed a hybrid damping system combining active and pas-
sive control, achieving a 20 % improvement in pitch suppression. De-
spite these advances, the large mass and space requirements of such
systems limit their application in FOWTs.

Drawing inspiration from motion reduction strategies in offshore
oil and gas platforms, heave plates are commonly adopted on semi-
submersible FOWTs to enhance hydrodynamic damping (Wang et al.,
2023). Li et al. (2024b) designed a dual-layer circular heave plate based
on the OC4 DeepC wind platform and performed time-domain simula-
tions using OpenFAST. The results showed that the additional mass and
radiation damping in the heave and pitch directions were significantly
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increased, leading to a reduction of approximately 5% in the average
pitch angle. Lopez-Pavon and Souto-Iglesias (2015) conducted forced
oscillation experiments on a column model equipped with heave plates,
obtaining damping and added mass coefficients that were later used in
time-domain simulations via Morison elements to account for viscous
damping effects. They are also more sensitive to wave conditions and
less effective in suppressing wind-induced quasi-static inclination.

Inspired by the mature ballasting systems used in conventional
ship designs, researchers have explored the integration of active bal-
last control into floating wind turbine platforms. Existing ballast-based
control strategies can be broadly divided into passive and active ap-
proaches. Passive ballast tanks essentially function as tuned liquid
dampers (TLDs), where partially filled tanks reduce external excitations
through sloshing-induced counteracting forces, with performance influ-
enced by tank dimensions, liquid height, viscosity, and internal baffles
(Dou et al., 2023). To overcome the frequency complexity and instal-
lation limitations of TLDs, tuned liquid column dampers (TLCDs) and
tuned liquid multi-column dampers (TLMCDs) have been investigated.
Zhang and eg (2020) placed TLCDs inside the nacelle of a spar-type
turbine and found that uniform cross-sectional TLCDs performed bet-
ter than non-uniform designs, especially when the wave frequency ap-
proached the natural pitch frequency of the platform. Xue et al. (2022)
tested a semi-submersible turbine foundation with a TLMCD composed
of three liquid columns and a connecting tube, showing that the device
achieved optimal damping near resonance and reduced maximum pitch
motion by 10.84% with only a 2% liquid mass ratio. Passive ballast
tanks mainly reduce the amplitude of platform motions across different
wave frequencies, representing a form of passive control strategy sim-
ilar to heave plates, as both primarily target the suppression of wave-
frequency responses.

Passive ballast tanks are effective in reducing platform motions
at wave frequencies, contributing to improved hydrodynamic perfor-
mance. At the same time, their ability to address the mean pitch induced
by aerodynamic thrust is limited. Active ballast control complements
this by enabling controlled redistribution of ballast water, which gen-
erates restoring moments to counteract the mean platform inclination.
Roddier et al. (2010) introduced the concept of an active ballast tank
in the design of the WindFloat foundation, using a dual-channel ballast
pump capable of transferring up to 200 tons of water within 30 minutes
to maintain positive floating stability. Mahfouz et al. (2021) developed
an active ballast system for the ActiveFloat concrete semi-submersible
platform, which effectively mitigated the aerodynamic negative damp-
ing effect and enabled smoother power output in time-domain simu-
lations. Yu et al. (2022) conducted physical model tests of a floating
wind turbine equipped with an active ballast adjustment system, and
the experimental results closely matched numerical simulations, vali-
dating the feasibility of the system. Tetteh et al. (2022) explored the Ul-
traflexible Smart Floating Offshore Wind Turbine (USFLOWT) with its
spiderFLOAT substructure, showing that active ballasting of buoyancy
cans can rapidly adjust the mean heel angle, maintain near-zero pitch
under both rated and extreme conditions, and thereby reduce compo-
nent loads while maximizing power output. In contrast, Liu et al. (2023)
proposed a turret-mounted FOWT design with a tailor-designed airfoil-
shaped A-frame tower that enables passive weathervaning, allowing the
platform to align with wind direction without the need for an active yaw
system or active ballast, thereby improving system reliability. Nanos
et al. (2020) further explored the potential of active ballast control for
vertical wake steering through wind tunnel tests and large eddy simula-
tions. Their study revealed that this approach significantly altered wake
characteristics, enhanced the inflow conditions of downstream turbines,
and increased the total power output of a two-turbine array by approx-
imately 8% under ideal conditions. Li et al. (2024a) developed a hy-
drostatic model based on the IEA 15 MW wind turbine to calculate the
moment of inertia and hydrostatic coefficients of the platform during
ballast transfer. The results showed that when the inclination angle re-
mains below 15°, hydrodynamic coefficients from the positive floating
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state remain applicable for simulation. Moreover, ballast transfer was
found to improve average power output and reduce maximum nacelle
acceleration, contributing positively to overall turbine performance.

In terms of ballasting control algorithms, Samyn et al. (2009) devel-
oped a six-degree-of-freedom dynamic model for semi-submersible plat-
forms, taking into account the effects of ballast tank mass, moments,
and inertia, providing a basis for ballast control system design. Manzi
et al. (2005) proposed a control interface for ballast system operations
on offshore drilling platforms, aiming to enhance ballast efficiency. Bara
et al. (2012) formulated mathematical models incorporating vessel po-
sitioning, hull loads, and moments, and established an optimal control
strategy for stable ballast regulation. Kurniawan et al. (2015) designed
a PID-based ballast control system for catamarans. Liu et al. (2015) and
Zhao et al. (2016) introduced a control method for a water-variable
ballast chamber to improve control performance and reduce energy
consumption. Horno et al. (2020) developed a dynamic model for a
semi-submersible floating wind turbine and implemented a simplified
nonlinear multivariable control system in the MATLAB-Orcaflex envi-
ronment. Simulation results under various operating conditions con-
firmed the effectiveness of the proposed control algorithm. Hu et al.
(2023) applied the AQWA software to analyze ship motion responses,
and combined single-degree-of-freedom roll equations with vessel mo-
tion state equations. Using a model predictive control (MPC) strategy,
they successfully reduced roll amplitude, demonstrating its applicability
to time-domain motion control for marine structures.

Previous studies have demonstrated that integrating active ballast
adjustment systems within floating platforms is an effective approach to
mitigate wind turbine pitch motion. These investigations have primarily
been conducted under the assumption of a positive floating condition,
while limited attention has been given to the hydrodynamic behavior of
the platform under inclined states. In addition, extensive research has fo-
cused on the design of ballast water distribution schemes and automatic
control systems. Most of these studies are based on idealized control
models and do not consider the influence of practical constraints, such
as the limited capacity and dynamic response of ballast pumps during
operation.

In this study, a potential-flow based approach is employed to sim-
ulate the hydrodynamic characteristics of a semi-submersible platform
under wind-induced pitch moments. To validate the numerical method,
CFD simulations based on the open-source software OpenFOAM are con-
ducted, providing a comparison of the results for accuracy and relia-
bility. In the following, real-time simulation of the ballast adjustment
process is implemented by coupling SESAM software with an external
control module via the Transmission Control Protocol (TCP). This setup
enables the analysis of platform motion and power generation character-
istics of a floating wind turbine under active ballast regulation, demon-
strating the effectiveness of the potential-flow based approach combined
with TCP for real-time ballast control.

The remainder of this paper is organized as follows. Section 2 in-
troduces the numerical modeling approach, including the CFD model
setup and the implementation of the active ballast system. Section 3 is
the description of the floating offshore wind turbine used in this study.
Section 4 analyzes the platform motion responses and power generation
performance under different operational scenarios. Finally, Section 5
summarizes the key findings and outlines recommendations for future
research.

2. Numerical methods

The primary numerical approach employed in this study is a fully
coupled time-domain simulation based on potential-flow theory, imple-
mented using the commercial software suite SESAM. This approach inte-
grates aerodynamic forces, hydrodynamic loads, mooring dynamics, and
control logic within a unified framework and serves as the primary tool
for evaluating the dynamic behavior of FOWTs with the active ballasting
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system (ABS), including long-term platform motions, power generation,
mooring loads, and the performance of the active ballasting control.

In addition, a computational fluid dynamics (CFD) approach based
on the Navier-Stokes equations is used as a complementary method. The
CFD simulations aim to verify the validity of the upright platform as-
sumption commonly adopted in potential-flow models by comparing the
hydrodynamic responses of the semi-submersible platform under both
upright and inclined conditions.

The following subsections provide detailed descriptions of both nu-
merical methods.

2.1. Coupled solver for FOWT with ABS

To efficiently evaluate the dynamic response of FOWTs with active
ballasting systems under combined wind and wave loading, this study
primarily adopts SESAM, a fully coupled simulation framework based
on potential flow theory. Within this framework, the WADAM mod-
ule computes frequency-domain hydrodynamic coefficients, including
added mass matrices, hydrostatic restoring force matrices, and first and
second order wave excitation loads. As WADAM is based on potential-
flow theory, it enables fast and accurate predictions of large-scale off-
shore structures under wave conditions and has been widely applied in
the offshore oil and gas industry (Dnv and Manual, 2023). The SIMA
module performs fully coupled time-domain simulations by integrating
wave-induced platform motions with the elastic responses of slender
structural components such as blades, tower, and mooring lines.

As illustrated in Fig. 1, the FOWT model is constructed using the
SIMA simulation environment. The platform, nacelle, and hub are mod-
eled as rigid SIMO bodies (Dnv, 2023b), while the blades, tower, and
mooring lines are represented using RIFLEX elements (Dnv, 2023a). The
coupling of SIMO and RIFLEX modules allows for the simultaneous sim-
ulation of rigid body motions and the structural response of slender
components. Their integration within the SIMA platform enables fully
coupled time-domain dynamic analysis, which has been validated in pre-
vious studies (Kvittem and Moan, 2015).

To model the effect of ballast redistribution, the “External DLL Force”
functionality in SIMA is employed to apply external control moments on
the platform, mimicking the dynamic effects generated by active ballast
system.

An active ballasting program is developed in the Python environ-
ment. As Fig. 1 shown, the control program comprises modules for
time-averaging the inclination angles, a proportional-integral-derivative
(PID) controller for computing the desired control moment, and con-
straints reflecting the ballast pump capacity. Real-time communication
between the active ballast program and the dynamic simulation is estab-
lished via the SIMA simopy interface using the TCP. At each time step,
SIMA provides the current pitch or roll angle to the control program.
And the active ballasting program calculates the required moments and
sends them back to SIMA for application. This real-time data exchange
ensures synchronized operation and dynamic adjustment of the active
ballasting system. The use of TCP ensures reliable communication, in-
cluding features such as error detection, correction, and congestion con-
trol, making it well-suited for this integrated framework.

2.1.1. Equations of motion
The equations of motion are written as (Dnv, 2023b):

([m]+ Ay )% + Df(x) + Kx + / h(t — 7)x(7)d7 = q(t, x, X) (€))
0
with
h(r) = 1 /00 c(@) + ima(®)e™ do (2)
27 J_o

where [m] is the body mass matrix, A, is the added mass matrix at
infinite frequency, D is the damping matrix, f(x) is the vector function
where each element is given by f; = ;|%;|, K is the hydrostatic stiffness
matrix, h(r) is the retardation function, is computed by a transform of
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Fig. 1. Illustration of FOWT with active ballasting system in Sima.

the frequency-dependent added-mass a(w) and damping c¢(w), x is the
position vector and g is the exciting force vector.

The exciting forces q(t, x, x) on the right-hand side of Eq. (1) are
given by

q(t, X, x) = Quave T Dmoor T Qacro t Abaliast (3)

where q,,,,. is the wave excitation force, g,,,, is the restoring force of
the mooring system, q,.,, is the coupled force from tower and wind tur-
bine caused by wind, and gq,,,,,, is external forces from ballast system.

In this study, the hydrostatic stiffness matrix K, the frequency-
dependent added mass a(w), and damping c(w) are calculated by
WADAM, before being given as input to the floater in SIMA. To con-
sider the influence of viscous drag, the damping matrix provided in the
reference study (Allen et al., 2020) is used.

2.1.2. Wave loads
The wave excitation force q,,,,. can be expressed by the following
equation, where the two terms represent a Volterra series truncated af-
ter the quadratic term, as described by Hasselmann (1966) and Dalzell
(1976).
(1)

2
Quoave = Gmoe® + Qoo (0) @

1 2
where ‘I(m)me(’) and q(w,)we

excitation force.

In this study, the first-order wave excitation and the second-order
difference frequency forces are considered and can be calculated by the
following formula, where the second-order wave forces are evaluated
using the Newman method (Newman, 1974).

(t) are the first-order and second-order wave

awe® = Re 3, 5, HO (@, )¢

5)
aore®=Re Y, ¥, 8,0 HG (@, 0,)e @n=on)

where ¢, is complex Fourier component of sea surface elevation with
frequency w,,, H)(w,,) is the first-order transfer function, £* is com-
plex Fourier component of sea surface elevation with frequency w,,,
and H, ,(,,znf)(wm, w,,) is the quadratic transfer functions for the difference-
frequency force.

For semi-submersible platforms, the second-order difference fre-
quency force is essential due to its dominance at low natural frequencies,
which may align with the natural frequency of the platform-mooring sys-
tem. The high-frequency sum-frequency force can be neglected because
the response of the platform in that range is minimal. In this study, the
first-order transfer function HV(w,,) and the quadratic transfer func-
tions for the difference-frequency force H ) (w,,, ,) are also computed
by WADAM first in the frequency domain.
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2.1.3. Mooring system loads

The mooring system forces are computed using the RIFLEX compo-
nent within the SIMA module, where mooring lines are modeled with
finite elements. The structural analysis is based on the small strain ap-
proximation, which is particularly suitable for slender marine structures
(Dnv, 2023a), and is grounded in well-established principles of contin-
uum mechanics. For mooring elements without bending stiffness, spatial
bar elements are formulated using a fully Lagrangian approach with in-
tegrated cross-sectional properties. Each element is assumed to remain
straight, with a constant initial cross-sectional area along its length. The
two nodes of each element possess three translational degrees of free-
dom, defined in the global coordinate system. Element length is tracked
in both the undeformed and deformed configurations, enabling accurate
representation of axial deformation under dynamic loading.

2.1.4. Aerodynamics loads

The aerodynamic load model used for wind turbines in RIFLEX and
SIMO is based on the Blade Element Momentum (BEM) theory, which
combines classical momentum theory with blade element theory (Dnv,
2023a). In this approach, each blade is discretized into multiple two-
dimensional airfoil-shaped elements along its span. The fundamental
principle is that the aerodynamic forces acting locally on each blade
element—calculated using empirical lift and drag coefficients—are bal-
anced with the change in momentum of the airflow passing through the
rotor disk. Further details on BEM theory can be found in Manwell et
al. (Manwell et al., 2010).

For each airfoil section, the aerodynamic loads are determined by
interpolating from static lift, drag, and moment coefficient curves. The
lift force per unit length is denoted as F;, the drag force as Fy, and the
aerodynamic moment as M. Wind velocity V;,q and structural veloc-
ity Vg ucture are computed at the center of each element, based on the
undisturbed wind speed and the structural velocity at the correspond-
ing nodes. The relative velocity V, in the airfoil coordinate system is
computed as:

Ve =Vwina =V Structure ©

The angle of attack a is computed based on the local V,, and V,,
components of the velocity. The Reynolds number Re is computed as:

Pair€ (Vri + K’i)
Re= ———M 7
Vair
where p,;. is the air density, c is the chord length, and v,;, is the viscosity
of air.
The forces and moment (about the airfoil coordinate system) per unit
length are:

I

Fi = 3Cope(V2+V?2) ®)
1

Fp = zCDpairc<Vri + V’i) )
1

where C;, C, and M are lift, drag and moment coefficients obtained
by interpolation in the airfoil tables based on Re and « (Gaertner et al.,
n.d.).

F;, Fp and M are multiplied by the length of the element, trans-
formed into the appropriate coordinate system, and are applied to
the nodes in a lumped manner. To account for unsteady aerodynamic
effects, the present study incorporates the semi-empirical Beddoes-
Leishman dynamic stall model, which captures the influence of dynamic
stall and includes corrections for tip losses, hub losses, and skewed wake
effects. The aerodynamic loads acting on the rotor blades are calcu-
lated using BEM theory. The aerodynamic influence of the tower is mod-
eled separately using potential-flow theory, which simulates the tower
shadow effect. These models are combined to support subsequent aeroe-
lastic analysis under varying wind conditions.
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Fig. 2. Scheme of the signals flow between SIMA and active ballasting system.

In this study, turbulent wind fields are pre-generated using 64-bit
TurbSim (Jonkman and Buhl, 2006), a stochastic wind field simulator
developed by the NREL. The generated wind fields are used as inputs
for the floating wind turbine simulations. Additionally, the Reference
OpenSource Controller (ROSCO, version 2.6.0) is employed to regulate
turbine operation during the simulations, ensuring optimal aerodynamic
performance and system stability.

2.1.5. Coupled analysis of FOWT with ABS

Fig. 2 illustrates the coupling strategy employed in this study, inte-
grating SIMA and active ballasting system via TCP. During each time
step, SIMA provides the instantaneous pitch and roll angles (6[k] and
@[k]) to the active ballasting system. After calculation, the active ballast-
ing system returns the ballast moments (M, [k] and M y[k]) constrained
by the water pump.

The time moving averages are calculated by:

k

k=~ Y ol an
n=k—N+1
1 k

oikl=~ Y ol 12)
n=k—N+1

with sampling period T, =0.01s, where k represents the current time
step and N represents the length of the averaging window.
The averaged errors are computed as:

eplkl = @,0r — @lk] 13
ejlk] = 0,,; — O[K] a4

Then the required moments u, [k] and u ,[k] can be calculated by PID
controllers:

k
u [kl = K, e[kl + K, , T, Y eglil
i=0 (15)
eylk] - e[k — 11
d.p T

s

k
u,[k] = K, geglkl + K, 4T, )" egli]
i=0 (16)
eglk] — eglk — 1]
T,

N

+ Ky

where the proportional gain (K,) generates a corrective moment pro-
portional to the deviation between the average inclination and the tar-
get angle of the platform. The integral gain (K;) accounts for sustained
inclination deviations caused by persistent wind thrust, enhancing the
regulation speed through integration. The derivative gain (K,) helps
suppress overshoot induced by the corrective moment.

In all simulations, a consistently tuned set of PID parameters is ap-
plied, with K, =2 10°, K; = 1 x 10%, and K, = 1 X 103, used identically
for both pitch and roll control. These values are determined through a
systematic tuning process to balance responsiveness and stability. The
large proportional gain provides strong corrective action, the small in-
tegral gain avoids long-term offsets, and the derivative gain damps tran-
sients. This configuration yields a rapid and stable response without
overshoot, maintaining the platform inclination near zero under turbu-
lent wind and irregular wave conditions.

The required moments u,[k] and u,[k] are subsequently constrained
by the pump capacity limits, yielding the final implemented moments
M, [k] and M [k], which are applied to the platform within the same
time step through the TCP communication protocol. Specifically, the
pump exhibits a gradual increase in flow rate during startup until reach-
ing its maximum capacity. Once the maximum flow rate is achieved,
the ballast moment can only be adjusted at a limited rate in each time
step, reflecting the maximum volume of water that can be transferred
within that interval. After the target ballast moment is reached, the ap-
plied moment remains constant. In addition, the maximum achievable
ballast moment is inherently constrained by the capacity of the ballast
tanks.

2.2. Navier-Stokes solver

Although potential-flow methods can effectively predict motion re-
sponses under most operating conditions, they typically rely on the as-
sumption that the platform remains upright and have limitations in cap-
turing viscous flow effects. When the platform tilts under wind thrust,
geometric nonlinearity and fluid viscosity may further influence its mo-
tion response (Antonutti et al., 2016). Most existing studies are based
on upright platform conditions, with limited investigation into hydro-
dynamic behavior under inclined scenarios. To verify the applicability
of potential-flow methods at small inclination angles, this study fur-
ther employs computational fluid dynamics (CFD) based on the Navier—
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Stokes (NS) equations. As the fundamental governing equations for
viscous fluid motion, the NS equations comprehensively account for
inertia, viscosity, and pressure variations. By comparing the hydro-
dynamic responses of the semi-submersible platform in both upright
and inclined conditions, the CFD simulations confirm that the upright-
platform assumption remains reasonable and valid under small-angle
inclinations.

In the viscous fluid domain, Q. p, the flow field is solved by a two-
phase incompressible viscous-flow solver. The flow is governed by the
momentum equations

9(pU)

——+V-(pU-U)U)-V-uyVU-VU -V
o (p( PLY) u u an
=-Vp; —g-xVp

and the continuity equation

V.U=0 18)

where p is the fluid density, U is the flow velocity, U, is the mesh ve-
locity, u is the dynamic viscosity, g is the gravitational acceleration, p,
the dynamic pressure, expressed by p, = p + g - x, p is the pressure, and
x = (x, , z) is coordinate of a point in the flow field.

In the present two-phase-flow model, the volume of fluid (VOF)
method is applied to model the phase interface. An additional transport
equation is solved for the volume fraction of the water phase, «;, by
applying the Multidimensional Universal Limiter with Explicit Solution
(MULES) method.

9(ap)
ot

+ V- (Uag) + V - (U,a5(1 — a)) = 0 19)

where U is the divergence-free velocity field, V - (U,.ay(1 — a)) is an ar-
tificial compression term to suppress the interface smearing with U, the
compression velocity (Deshpande et al., 2012).

The fluid density, p, and the dynamic viscosity, u, in Eq. (17) are
then calculated by the VOF values at the cell centers.

p=agpy + aip (20)
M= agHy + gy @n

where the subscripts 0 and 1 denotes the water phase and the air phase,
respectively, and p and u are the fluid density and dynamic viscosity,
respectively.

The above governing equations are solved by the finite volume
method in OpenFOAM (Jasak, 1996). The pressure implicit with split-
ting of operators (PISO) algorithm (Issa, 1986) is employed for the
velocity-pressure coupling. In the present work, the Crank-Nicolson
scheme (blending factor 0.95) is applied for time marching, the linear
upwind scheme and the linear scheme are adopted for the convection
and diffusion terms, respectively.

The motions of the floating bodies are handled using the Laplacian
mesh morphing technique in OpenFOAM (Jasak and Z Tukovié, 2010).
The displacement of the rigid body boundaries is obtained by solving the
equations of motion. The mesh deformation is then computed by solving
a Laplacian equation (see Eq. (22)), so that the boundary conditions for
the mesh motion are smoothly propagated to the mesh cells.

V.(.VV,) =0 (22)

In the above equation, I', is the mesh motion diffusivity coefficient,
and V, is the mesh deformation vector field. In the present work, the
inverse distance method is applied to define the diffusion coefficient.

3. Model description

The 15 MW FOWT model, released by the International Energy
Agency (IEA) in 2020 and designed by the University of Maine, is
adopted in this study. As an open-source reference model that has
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Fig. 3. FOWT model diagram Allen et al. (2020).

Table 1

FOWT general system properties Allen et al. (2020).
Parameter Units Value
Turbine Rating MW 15
Hub Height m 150
Draft m 20
Total System Mass t 20093
Platform Mass t 17839
Tower Mass t 1263
Rotor Nacelle Assembly Mass (RNA) t 991
Water Depth m 200
VCG of Platform m —14.94
VCG of Tower m 56.50
I, of the Platform kg:m?*  1.25x 10"
1,, of the Platform kg-m* 1.25x 10'°
I, of the Platform kg:m* 236 10"

Note: VCG denotes the vertical position of the center of
gravity measured from the waterline.

been widely applied in prior research, it offers reliable data for vali-
dation and ensures consistency in evaluating the active ballasting sys-
tem. As illustrated in Fig. 3, the platform consists of a four-column steel
semi-submersible structure. Key system parameters are summarized in
Table 1, with additional details available in the corresponding techni-
cal reports (Allen et al., 2020). The listed moments of inertia (I, I,
and I,,) correspond to the rotational inertia about the longitudinal (x),
transverse (y), and vertical (z) axes of the platform, respectively. These
values are defined with respect to the center of gravity of the platform
and represent only the mass distribution of the platform itself, excluding
contributions from other components in the overall system.

The mooring system layout is shown in Fig. 4. The configuration
consists of three catenary lines, each 850 m in length, connected to the
three outer columns of the platform via fairleads located 14 m below the
still water level. The lines are arranged at 120° intervals and anchored to
the seabed at a depth of 200 m. All the mooring lines are made of studless
R3 chain with a nominal diameter of 185 mm. Fig. 4 also indicates the
wind and wave directions used in subsequent simulation cases.

According to the corresponding technical reports (Allen et al., 2020),
the total mass of the semi-submersible platform is 17 854 t, which in-
cludes 3914 t of structural steel and 2540 t of fixed iron ore-concrete
ballast, evenly distributed at the base of the three outer columns. In ad-
dition, 11 300 t of seawater ballast are used to submerge most of the sub-
merged pontoons, along with 100 t for the tower interface components.
To enable active ballast adjustment, the seawater ballast is divided into
two parts in this study: a fixed portion uniformly distributed within the
submerged pontoons, and a variable portion located in dedicated ballast
tanks inside the three outer columns. These tanks are interconnected
by pipelines, and ballast water is transferred among them via ballast
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Fig. 4. Mooring system diagram Allen et al. (2020).

pumps, as illustrated in Fig. 5a. Each variable ballast tank has a base
diameter of 11 m, a height of 8.5m, and a volume of 807 m?, initially
containing approximately 400 m® of seawater. Transferring ballast wa-
ter from columns B and C to column A induces longitudinal inclination,
while transferring water from column B to column C causes lateral in-
clination. The corresponding equivalent displacement distance caused
by ballast transfer is shown in Fig. 5b.

The variable ballast water in this study amounts to 1230 t, repre-
senting 6.12% of the total displacement. When ballast water is trans-
ferred from columns B and C to column A, the induced moment reaches
the predefined upper limit of 5° pitch inclination. Under this condition,
the center of gravity shifts 1.17 m along the x-axis and 0.05m upward
along the z-axis, corresponding to 1.30 % of the platform length in the
x-direction and 0.33% of the vertical center of gravity, respectively.
The redistribution also changes I, and I, by 0.12%, indicating that
the influence on center of gravity and inertia properties is minor. These
findings are consistent with Li et al. (2024a), who showed that hydrody-
namic coefficients obtained under upright-floating assumptions remain
valid when inclination angles are below 15°. Therefore, representing
ballast redistribution through an equivalent external moment is consid-
ered a reasonable simplification in hydrodynamic simulations.

The control moments generated by ballast redistribution, denoted as
M, and M,, varying with the amount of water transferred and are also
influenced by the pump flow characteristics. As shown in Fig. 6, the
left axis represents the pump flow rate, while the right axis shows the
corresponding control moment produced by the transferred ballast over
time #,, measured from pump activation. The pump reaches its maxi-
mum flow rate of 0.33m3/s at 90 s, and the total transferred volume
reaches 400m? at 1,200 s, corresponding to the maximum control mo-
ment. Once the motion of the FOWT stabilizes after the adjustment pro-
cess, the pump is turned off and the resulting ballast-induced moment
remains constant.

As shown in Fig. 7a, ballast water is initially distributed evenly
among the three variable tanks. When exposed to strong wind (assuming
a wind direction of 180°), the FOWT develops an average pitch angle
around the y-axis due to rotor thrust. In response, the active ballast sys-
tem automatically adjusts the water distribution among the tanks based
on the measured average pitch angle—for example, by transferring wa-
ter from columns B and C to column A-to maintain platform stability
during offshore operation, as illustrated in Fig. 7b.
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Fig. 5. Ballast tank system: (a) Size and position of the ballast tanks; (b) Equiv-
alent displacement distance of ballast water.
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Fig. 6. Ballast pump characteristics.

Table 2

Natural frequencies of FOWT (Hz).
Model Surge Heave  Pitch
Present Study 0.007 0.049 0.049

Allen et al. (2020) 0.007 0.037 0.036

4. Numerical results
4.1. Validation study of coupled method

The validity of the selected FOWT model in SESAM is verified
through the comparison of hydrodynamic coefficients and free decay
simulations. Specifically, the added mass coefficients (A11, A33) and
radiation damping coefficients (B11, B33) calculated by WADAM are
compared with the simulation results published by Allen et al. (2020).
As shown in Fig. 8 and Fig. 9, the x-axis represents wave frequency (Hz),
and the y-axis shows the corresponding added mass or damping coef-
ficients. The numerical results demonstrate good agreement with the
reference data, confirming the validity of the hydrodynamic computa-
tions in the present model. Minor discrepancies may arise from manual
extraction of reference data, differences in panel mesh generation, and
variations in software for computing hydrodynamic coefficients; how-
ever, the overall trends remain consistent.

To further validate the dynamic characteristics of the coupled model,
frequency domain hydrodynamic coefficients are imported into the time
domain simulation module, and free decay tests in calm water are con-
ducted. Surge, heave, and pitch decay tests are performed by applying
initial displacements and releasing the platform to observe its natural
response. The simulations yield the natural frequencies and decay be-
havior for each motion mode. Following published recommendations
(Allen et al., 2020), the initial surge displacement is set to 30 m. The
simulated surge decay response is compared with the data from Allen et
al. , showing close agreement, as illustrated in Fig. 10. Table 2 presents
the natural frequencies of surge, heave, and pitch motions, along with
corresponding values from the reference study, further supporting the
validity of the coupled dynamic model.
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Fig. 7. Schematic of platform attitude adjustment: (a) shows the inclination caused by wind loading, while (b) shows the upright restoration through active ballast
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Fig. 10. Comparison of surge free-decay results.

4.2. Verification of upright-platform assumption through CFD simulations

To validate the application of the frequency-domain variables in the
time-domain simulations (see Eq. (1)), which are computed from the
mean wetted surface of the upright platform, two-phase flow simula-
tions are performed using OpenFOAM. A numerical wave tank is built
to simulate a series of regular wave cases. Platform inclination is in-
troduced by applying an inclination moment due to rotor thrust, rep-
resenting the effect of wind loading during turbine operation. The mo-
tion responses of the inclined and upright configurations are compared
to evaluate the influence of inclination. In addition, Fourier transforms
are applied to the time histories of platform motions, and the resulting
response amplitudes are compared with Response Amplitude Operators
(RAOs) obtained from potential-flow analysis. The following sections
detail the CFD model setup, mesh generation, and motion response com-
parison.

The two-phase flow simulations in the numerical wave tank are
conducted using a 1:50 scale model. The mass distribution of the
FOWT accounts for major components such as the nacelle and tower.
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Fig. 11. Simulation Set-up.

(a) CFD simulation of upright-state platform at 15 s

(b) CFD simulation of inclination-state platform at 15 s

Fig. 12. Different floating state of the platform.

Table 3
Comparison of full-scale and model-scale FOWT pa-
rameters.

Component Parameter Value

FOWT Mass 2.00 x 107 kg

VCG (from base)
Roll inertia
Pitch inertia
Yaw inertia

17.89m

3.93 x 10'° kgm?
3.93x 10'° kgm?
2.37 x 10'° kgm?

Model (1:50) Mass 156.82kg
VCG (from base)  0.36m
Roll inertia 122.83kgm?
Pitch inertia 122.83kgm?
Yaw inertia 73.90kg m?

A horizontal spring is employed to replace the mooring lines for con-
straining the floating body, with its horizontal stiffness set identical to
that of the original mooring system. This setup enables a focused inves-
tigation of the hydrodynamic characteristics induced by platform incli-
nation, while ensuring that the primary emphasis of the study remains
on the fluid dynamic effects rather than the specifics of mooring con-
straints. The scaled values for the center of gravity and moments of in-
ertia of the platform are summarized in Table 3. As shown in Fig. 11,
the computational domain has a width of 12m and a depth of 4 m. The
domain is divided into three regions: an inlet relaxation zone, a compu-
tational zone, and an outlet damping zone, with lengths of 14, 24 and
54, respectively, where 4 is the wavelength of the incoming wave. The
regular wave conditions used in the simulation are listed in Table 4.
Fig. 12 illustrate the numerical simulation states of the semi-
submersible platform under upright and inclined conditions. The in-
clination angle is set to 5°, reflecting the typical maximum value ob-
served at rated wind speed in both our simulations and the reference de-
sign. Our simulations show that the maximum inclination at rated wind
speed is about 5° (see Fig. 17(b), case “LC3-A” without active ballast).
Similarly, Allen et al. reported in Section 4 (System Performance As-
sessment) that under both normal turbulence and extreme wind models,

Table 4
Wave parameters at full and model scales.

No. Full Scale Model Scale (1:50)

Frequency (Hz) 4 (m) Frequency (Hz) 4 (m)

1 0.05 497.87 0.40 9.95
2 0.07 318.63 0.50 6.37
3 0.09 206.28 0.62 4.13
4 0.11 129.03 0.78 2.58
5 0.15 69.39 1.06 1.39

the maximum inclination remains close to 5° and below 6°. In addition,
since the adjustment range of the active ballasting system in this study
is predefined as —5° to +5°, we adopted 5° as the target inclination in
the CFD simulations to ensure consistency with the control design.

As shown in Fig. 13 and Fig. 14, the time series of the platform mo-
tions under regular wave conditions demonstrate only slight variations
in amplitude between the two floating states. Similarly, the RAO curves
obtained from Fourier-transformed motion responses also show good
agreement, indicating that platform inclination has a limited effect on
the wave-induced dynamic behavior within the tested range of motion.
At low frequencies, the heave amplitude is intrinsically small, so even
minor differences may appear visually significant due to the vertical
scale in Fig. 13b. Furthermore, potential flow theory and viscous CFD
capture hydrodynamic effects differently—particularly in viscous damp-
ing and nonlinear effects—which may also contribute to the observed
discrepancies. The comparison results between the inclined and upright
states reveal that the overall hydrodynamic responses of the platform
remain largely consistent across heave and pitch motions.

These findings align with conclusions from previous studies. For ex-
ample, Li et al. (2024a) reported that during the ballast water redis-
tribution process, when the inclination angle of the platform remains
below 15°, the hydrodynamic coefficients derived from the upright con-
dition can still be used reliably in numerical simulations. This provides
a valuable reference for engineering practice, where high-fidelity CFD
simulations under inclined conditions are computationally expensive.
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Fig. 14. Comparisons of the pitch motion in CFD method.

Given that the previous study also observes only minor deviations in
motion responses between upright and inclined cases, it is reasonable
to proceed with the development and evaluation of the active ballast
control strategy based on potential-flow assumptions and upright-state
hydrodynamic parameters.

Therefore, the upright configuration under potential-flow theory is
considered an acceptable simplification for modeling wave-induced re-
sponses when the platform inclination remains within a moderate range.
This allows the subsequent study to focus on the control performance of
the active ballast system without introducing significant hydrodynamic
uncertainty due to inclination effects.

4.3. Simulation cases

Following the reference recommendations (Allen et al., 2020), a sub-
set of the International Electrotechnical Commission (IEC) design load
cases (IEC61400, 2005) is selected in this study to evaluate the perfor-
mance of the FOWT with active ballasting under typical normal oper-
ating conditions. For the purpose of validating the coupled simulation
method of the active ballast control system, these representative con-
ditions are adopted for the analysis. Table 5 summarizes the details of
the selected design load cases. Normal sea states and the normal tur-
bulence model (NTM) are used to simulate environmental conditions.
In Table 5, V,;,4 is the mean wind speed in NTM, H| is the significant
wave height and 7}, is the peak period. The evaluation covers three crit-
ical operational aspects: (1) Load Cases 1-5 assess the ballasting capac-
ity under constant 180° wind-wave misalignment across varying wind
speeds, where higher mean wind speed V,,,,; correspond to greater sig-
nificant wave height H; (2) LC 6-7 examine the adaptability of the
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Table 5
Simulation cases.
Wind Wind Wave Vivina H, T,
Load Case Type Direction Direction (m/s) (m) (s)
LC1-A, LC1-B NTM 180° 180° 8.00 1.32 8.01
LC2-A, LC2-B NTM 180° 180° 10.00 1.54 7.65
LC3-A, LC3-B NTM 180° 180° 10.59 1.63 7.59
LC4-A, LC4-B NTM 180° 180° 12.00 1.84 7.44
LC5-A, LC5-B NTM 180° 180° 14.00 2.19 7.46
LC6-A, LC6-B NTM 90° 90° 10.59 1.63 7.59
LC7-A, LC7-B NTM 135° 135° 10.59 1.63 7.59
LC8-A, LC8-B NTM 90° 180° 10.59 1.63 7.59

active ballasting system to directional variations; and (3) LC 8 specif-
ically evaluates the performance under different wind-wave misalign-
ment conditions.

For each environmental condition, simulations are conducted over
a 3 h sea state, following the DNVGL-RP-C205 guideline (Dnv, 2017).
The initial 200 s are excluded to remove startup transients, consistent
with the approach of Kvittem and Moan (2015), so the analysis focuses
on the interval from 200 s to 11 000 s. Turbulent wind fields are gen-
erated using TurbSim (Jonkman and Buhl, 2006), with the wind field
duration matching the total simulation time. Turbulence is generated
using the Kaimal spectrum and the IEC normal turbulence model, with
a turbulence intensity of 0.12 (Kvittem and Moan, 2015). The wind pro-
file follows a power law with an exponent of 0.14 (IEC61400, 2005).
Irregular wave conditions are simulated using the JONSWAP spectrum.

To account for variations in turbulent wind, this study performs two
simulations for each load case (LC), as shown in Table 5. For each case,



W. Meng et al.

Ocean Engineering 343 (2026) 123142

I I I I

I
Original Pitch Angle

Average time range-50s

I
Average time rangc-SOOsl

Average time range-150s =——— Average time range-300s

Pitch (Deg)
N Py e
=1 T

I

)

2000 3000 4000

t(s)

Comparison of different average time range in LC3 (Direction 180°, V;,; = 10.59m/s, H, = 1.63m, T, = 7.595).

' ' ' Lo ' ' '
{ — Wind Spee
2 I:ﬁ"“\n‘.._\n\ M A |
> I My
E20 10 ‘WV,'MAW'
.
3 $ ]
c% 15 6650 6700 6750 6800 6850 6900 6950
2 ‘N
=
°f iﬂ
5 l l ! l | ! | l ! l
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
t(s)
(a) Wind speed in LC3
T T I I I I I
6 |——L(‘3-A (w/o active ballasting) LC3-B (w active ballasting) Active Ballaalingl_
W |
- 4 :
iy |
e
5 2 _
2
ok
5 l ! l ] I I | ! 1 |
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000
t(s)
(b) Comparison of pitch motions with and without active ballasting in LC3
1 %10
T T T T T T T I T :
| Ballast Moment (My) Active Ballasting
g O
g’ -
g
£ — @ -« _
=
z
z2r O =
4 \ L | l L l l ! l l
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

t(s)

(c) Ballast moment in LC3

Fig. 16. Comparison of pitch motion and ballast moment in LC3 with/without active ballasting.

the suffix “-A” (e.g., LC1-A) indicates the simulation without the active
ballast system, while the suffix “-B” (e.g., LC1-B) indicates the simu-
lation with the active ballast system. The two sets of simulations use
identical wind and wave conditions, ensuring a consistent basis for eval-
uating the impact of the active ballasting system on platform stability.

4.4. Analysis on the platform motions under different loading conditions

Due to the influence of turbulent wind and irregular waves, the pitch
and roll angles of the platform exhibit frequent fluctuations. To miti-
gate the impact of these oscillations, the active ballasting system uses
a time-averaged value of the pitch or roll angle over a recent period
as the control input. To determine the optimal averaging time win-
dow, a comparison is conducted using pitch motion data from LC3-A
under rated wind speed conditions, covering the simulation time from
200 s to 11000 s. As shown in Fig. 15, an averaging window of 300 s
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provides the best trade-off between measurement stability and control
responsiveness.

Fig. 16a presents the wind speed data for wind speeds of 10.59 m/s
in LC3-A and LC3-B, while Fig. 16b illustrates the pitch motion response
of the platform under these wind conditions for both configurations. In
the legend of Fig. 16b, “w” denotes “with” and “w/0” denotes “without”
active ballasting. As shown in the red box of Fig. 16a (between 6600 s
and 6900 s), the wind speed decreases steadily for more than 300 s.
During this period, the active ballasting system is triggered, resulting in
a moderate reduction of the ballast moment, as shown in Fig. 16¢. The
results demonstrate that following the activation of the active ballasting
system, the mean pitch motion gradually returns to near-zero values,
indicating effective stabilization of the platform.

Fig. 17 demonstrates the comparison of pitch and roll motion re-
sponses and ballast moments under oblique wave conditions (135° wind
direction and 135° wave direction). From 500 to 1300 s, the active bal-
lasting system performs a long-duration adjustment based on the aver-
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Fig. 18. Comparison of pitch and roll motion and ballast moment in LC8 with/without active ballasting.

age inclination angle, stabilizing both roll and pitch motions near 0°.
Subsequently, between 2400 and 2700 s, as shown in Fig. 17a, the wind
speed continuously drops for more than 300 s, resulting in a decrease
in the wind-induced moment. During this period, the average roll angle
of the platform reaches approximately —1°, which triggers the active
ballasting system. The system then reduces the ballast moment, allow-
ing the roll motion to stabilize around 0°, as reflected in Fig. 17c. The
results demonstrate the capability of the active ballasting system to sta-
bilize platform motions and minimize oscillations under varying wind
and wave conditions.

As shown in Fig. 18, with a 90° wind direction and 180° wave direc-
tion, the active ballasting system compensates for the mean roll angle
induced by wind thrust, maintaining it near 0°. Meanwhile, the mean
pitch of the platform stays close to 0°, indicating that no longitudinal
ballast adjustment is required at this time.

These results demonstrate the effectiveness of the active ballasting
system in maintaining stability of the platform across different operating
conditions. Figs. 16, 17, and 18 collectively illustrate the adaptability
of the active ballasting system in regulating the mean inclination angles
of the platform under varying wind-wave misalignment conditions.

In the present study, while the turbulent wind exhibits fluctuations,
its mean speed remains essentially constant. The active ballasting system
performs a single prolonged adjustment, typically completed around
1500 s. During the three-hour simulation, the 300 s moving average
wind speed still shows variations. By optimizing the derivative coeffi-
cient (Kd) in the PID controllers, the impact of these fluctuations was
mitigated, thereby minimizing both the subsequent adjustment duration
and frequency. As evident from Fig. 16, Fig. 17 and Fig. 18, the total bal-
lasting time is effectively controlled within approximately 20 minutes
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over the three-hour period while maintaining the mean pitch motion of
the platform near 0°.

To further quantify the effectiveness of the active ballasting system,
statistical analyses are conducted for the time interval between 1500 s
and 11 000 s after the completion of the primary ballast adjustment. This
evaluation focuses on the average, maximum, and minimum of platform
motions under various environmental conditions. The statistical results
from Fig. 19 to Fig. 24 demonstrate the effectiveness of the active bal-
lasting system in reducing the mean inclination of the platform across a
range of operating conditions.

As shown in Fig. 19, the average pitch angle in the cases with ac-
tive ballasting remains consistently close to 0° across all tested wind
speeds, indicating that the platform maintains an upright posture. In
contrast, the cases without ballasting exhibit average pitch angles of ap-
proximately 3° to 4°, with noticeably higher maximum values. These
results confirm that the active ballasting system effectively suppresses
pitch inclination and stabilizes the platform under varying turbulent
wind conditions.

Fig. 20 shows that the surge motion exhibits little change between
the two cases, indicating that the ballasting system has limited influence
on the horizontal translational motion. Similarly, as shown in Fig. 21,
the heave response is largely unaffected by the ballast adjustment, which
is expected as the system primarily targets restoring moments in the
pitch and roll directions rather than vertical motion.

Figs. 22,23,24 further demonstrate the robustness of the control
strategy under various wind-wave misalignment conditions. Under
aligned (90°), oblique (135°), and cross-sea (180°) conditions, the mean
pitch and roll angles are consistently reduced in the presence of active
ballast control. For example, in Fig. 25, the maximum roll angle without
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Fig. 21. Statistical data of heave motion with/without active ballast under dif-
ferent wind speeds.

ballast reaches over 6°, whereas with ballasting, it is maintained within
+ 3°. Similar trends are observed for pitch motion.

In summary, the proposed active ballasting system effectively re-
duces the steady-state inclination of the floating platform under complex
environmental conditions, although its influence on surge and heave
motions remains limited.

4.5. Analysis on electrical generator output under different loading
conditions

Figs. 25 to 28 compare the electrical generator performance of the
FOWT under various load conditions, highlighting the impact of active
ballast adjustment on power output, platform motion, and rotor thrust.

As shown in Fig. 25a, under LC3 conditions, the power output with
active ballasting (LC3-B) consistently exceeds that of the case without
ballast adjustment (LC3-A), particularly during peak production phases.
Although the thrust in LC3-B is slightly higher, this reflects improved
aerodynamic loading due to enhanced platform stability. Fig. 25b fur-
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ther demonstrates that LC3-B maintains a lower and more stable pitch
angle, resulting in reduced blade pitch fluctuations.

Similar trends are observed under LC7 (Fig. 26a and Fig. 26b), where
the application of active ballast results in both increased generator out-
put and reduced platform inclination. The platform motion stabilization
leads to smoother blade pitch control, contributing to more consistent
aerodynamic efficiency.

Figs. 27 and 28 present the average generator output under different
wind speeds and wind-wave misalignment conditions. In all cases, the
use of active ballasting yields higher average power. Specifically, Fig. 27
shows an increase of up to 2.76 % at 10.59 m/s, while Fig. 28 shows
improvements of around 2.4-2.7 % across all tested wind-wave angles.
These results confirm that the active ballasting system enhances en-
ergy production by mitigating inclination-induced aerodynamic losses.
In addition, during FOWT operation, excessive platform inclination may
prompt operators to shut down the turbine to ensure safety, resulting in
zero power output. In such cases, the active ballasting system plays a
critical role by maintaining the mean platform inclination close to 0°,
thereby reducing downtime caused by excessive inclination. This not
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only ensures safe and stable operation but also offers potential benefits
in mitigating structural fatigue (Gao et al., 2024).

The baseline ROSCO controller (Abbas et al., 2022) typically initi-
ates blade pitch control to limit thrust and maintain stability when large
platform motions are detected. However, with the active ballasting sys-
tem in operation, platform motions are significantly reduced, thereby
limiting the need for aggressive blade pitch control. This contributes
to more consistent thrust and power output, enhancing overall energy
capture efficiency.
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4.6. Analysis on the mooring forces under different loading conditions

Figs. 29,30,31,32 compare the axial forces of the three mooring lines
with and without active ballast adjustment under different environmen-
tal load cases. Mooring lines are numbered according to Fig. 4, with
mooring line 1 oriented in the 180° direction.

In LC3 (180° aligned wind and wave), mooring line 1 exhibits the
highest axial force, ranging between 3.6-4.8 MN. Mooring lines 2 and 3
remain in the range of 2.0-2.5 MN, and show limited response to ballast
adjustment. A similar trend is observed under LC6 (cross wind), LC7
(oblique wind-wave), and LC8 (cross sea state), where mooring line 1
consistently bears the highest load due to its alignment with the primary
wave direction. Active ballast adjustment has minimal influence on the
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Fig. 31. Comparison of the axial force of mooring lines with/without active
ballasting in LC7.

amplitude and phase of tension oscillations across all lines and load
cases.

Figs. 33, 34, and 35 present statistical comparisons of mean, maxi-
mum, and minimum axial tensions of the mooring lines under turbulent
wind speeds ranging from 8 to 14 m/s in the 180° wind-wave alignment
condition. Across all wind speeds, mooring line 1 maintains the highest
average tension, reaching up to 4.0 MN, while lines 2 and 3 remain be-
low 2.5 MN. As also reflected in the surge motion trends in Fig. 20, the
mean, maximum, and minimum tensions of mooring 1 all increase with
larger surge amplitudes. Mooring-line tensions are mainly governed by
platform horizontal motions and are only weakly affected by platform
inclination. Since the active ballasting system primarily adjusts pitch
and roll angle, its effect on mooring tensions is negligible, and the orig-
inal mooring configuration can be retained after its implementation.
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Overall, the results demonstrate that while active ballast adjustment
effectively regulates platform inclination, it does not significantly alter
the tension distribution in the mooring system. Mooring line 1, aligned
with the wave-heading direction, continues to function as the dominant
load-bearing line, with lines 2 and 3 providing lateral constraint and
balance.

5. Conclusion and future work

In this study, an analysis model considering the aero-hydro-mooring
coupling and active ballasting system is developed using SESAM soft-
ware. Interaction between the FOWT and the active ballasting system is
facilitated via the Python interface in SESAM and the TCP communica-
tion protocol. The IEA 15 MW floating wind turbine is selected as the
reference model for this study. Additionally, CFD simulations are per-
formed to investigate the hydrodynamic responses of the platform under
both upright and inclined conditions, confirming the accuracy of the up-
right platform assumption for potential-flow simulations. Time-domain
simulations are then conducted under various operating conditions, with
the active ballasting system dynamically adjusting the ballast moments
based on the platform average pitch and roll motion using a PID control
algorithm.

The results indicate that the active ballasting system significantly
reduces the maximum inclination angle of the platform by dynamically
adjusting ballast water. Its effectiveness has been evaluated under var-
ious wind and wave directions. After ballast water adjustment, the av-
erage inclination angles approach zero, while the maximum inclination
amplitude is substantially reduced in turbulent wind conditions, enhanc-
ing operational safety and stability. In terms of power generation, the
comparison of the power generation time history curves shows that af-
ter the active ballasting system is activated, the power output increases
at the same time. Statistically, this leads to a 2.76 % rise in the average
power output near the rated wind speed of 10.59m/s and reduces the
blade pitch control, resulting in more consistent energy production. In
the operation of FOWTs, when the platform inclines significantly (roll or
pitch angles exceed 5°), the wind power operation enterprise may shut
down to ensure safety, resulting in zero power output. In such cases, the
active ballasting system plays a critical role by maintaining the mean in-
clined angles of the platform close to 0°, preventing excessive incline.
This minimizes downtime, enhances power generation efficiency, and
ensures the safe and stable operation of the equipment. As for mooring
performance, the forces on all mooring lines remain stable before and
after ballast adjustment, as mooring tensions are mainly influenced by
platform horizontal motions rather than roll and pitch motions. Since
the active ballast system regulates roll and pitch motions with little
effect on line tensions, the existing mooring configuration requires no
modification after its integration.

The study provides a framework for coupling and analyzing FOWTs
with active ballasting systems under turbulent wind conditions. Future
research will focus on applying advanced control strategies, such as
Model Predictive Control (MPC), to further optimize the performance
of the active ballasting system. This will aim to enhance its adaptabil-
ity, responsiveness, and efficiency across a wider range of operational
scenarios, including rapid load changes and varying sea states. The in-
tegration of such predictive control approaches is expected to enable
more precise ballast adjustments, improve platform stability, and reduce
structural fatigue under dynamic environmental conditions.

In parallel, the present framework will be extended into a coupled
CFD environment to investigate the hydrodynamic interactions between
the platform and its ballast tanks. An active ballasting model will be im-
plemented in CFD, with the controller prescribing tank inflows and out-
flows as dynamic boundary conditions and sloshing-induced forces fed
back in real time. As high-fidelity blade-airflow simulations remain pro-
hibitively expensive, aerodynamic loads will instead be modeled using
BEM and transferred to the platform via AeroDyn-OpenFOAM coupling.
This hybrid strategy will ensure computational efficiency while captur-
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ing transient ballast-water effects, platform-sloshing coupling, and sys-
tem performance in extreme wave conditions.
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