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Abstract: This study first employs TurbSim and OpenFAST (Fatigue, Aerodynamics, Structures,
Turbulence) programs for secondary development to comprehensively model the NREL-5MW semi-
submersible wind turbine and OC4-DeepC wind floating platform with wind–wave interaction.
Next, we investigate the dynamic response of floating wind turbines under the complex coupling
of turbulent winds and irregular waves. Turbulent wind fields were simulated using the IEC
Kaimal model with turbulence intensities of 5% and 20%. Additionally, two irregular waves were
simulated with the Pierson–Moskowitz (P–M) spectrum. The results indicate that in turbulent wind
conditions, the aerodynamic power of the wind turbine and the root bending moments of the blades
are significantly influenced by turbulence, while the impact of waves is minimal. The coupled motion
response of the floating platform demonstrates that turbulence intensity has the greatest impact
on the platform’s heave and pitch motions, underscoring the importance of turbulence in platform
stability. This study provides essential insights for designing and optimizing floating wind turbines
in complex wind–wave coupling offshore environments.

Keywords: floating wind turbine; turbulent wind; aerodynamic load; platform motion response

1. Introduction

With the development of the social economy and the depletion of traditional fossil en-
ergy, the use of renewable energy has become the focus of solving the energy problem, and
wind energy, as a clean and renewable energy, has been increasingly emphasized by vari-
ous countries because it is non-polluting, renewable, and has a large storage capacity [1,2].
Offshore wind power has grown in popularity in recent years, owing to its advantages
of greater wind energy, distance from urban areas, and fewer limits [3]. According to the
latest Global Wind Energy Report 2022 [4] released by the Global Wind Energy Council
(GWEC), by the end of 2022, the total installed capacity of wind turbines in the world
reached 906 million kilowatts, and the overall trend is toward clustering, large-scale, and
oceanization. The increase in wind turbine capacity is accompanied by the development
trend of lightweight and large-scale blade diameters. The typical slender structure of wind
turbine blades inevitably leads to a more flexible blade structure. In the sea, under the
action of complex incoming currents and platform movement, the blade will be subjected to
more intense aerodynamic loads; the aerodynamic force, inertial force, and elastic force of
the coupling effect will produce nonlinear deformation in the extreme working conditions
and even cause damage and failure of the blade [5].
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Offshore wind turbines are mainly divided into fixed and floating forms. Fixed
structures are typically used in nearshore shallow waters, while floating wind turbines in
waters deeper than 60 m exhibit better economic feasibility, reduced installation difficulty,
and lower cost consumption [6]. The floating foundation of floating wind turbines is
controlled by a mooring system hanging at sea, and its structure experiences nonlinear
motion due to the combined impacts of wind and waves. In complex offshore environments,
wind turbine blades may experience severe deformation or even accidents such as breakage
under extreme conditions [7]. Therefore, in-depth research on the aerodynamic loads of
floating wind turbines under the coupling of wind and waves is an urgent need.

Turbulence intensity is one of the important parameters to reveal the turbulence
structure. Wind turbine loads are severely affected by the magnitude of the turbulence
intensity of the incoming wind [8]. The biggest difference between a floating wind turbine
and a stationary wind turbine is that a floating wind turbine is subjected to the coupling of
wind and waves. Waves at sea cause complex multi-degree-of-freedom motions in floating
wind turbines [9], resulting in uncontrollable changes in the interaction between the wind
turbine blades and the incoming wind, and subjecting the wind turbine components to
more intense loads and more complex fluctuations in aerodynamic performance.

Currently, scholars both domestically and internationally have conducted extensive
research on the structural dynamic response of floating wind turbines under the coupling
of wind and waves. Banerjee et al. [10], by studying a multi-degree-of-freedom model
of offshore wind turbines, simulated random wind and wave loads using Von Karman
turbulent wind spectra and P–M nonlinear wave spectra, respectively. They analyzed the
structural wind–wave coupling and blade coupling effects, finding that under wind–wave
coupling, the tower displacement is mainly controlled by wind loads, while acceleration
and tower-top rotation are mainly controlled by wave loads. Velarde et al. [11] studied
the fatigue reliability of a 10 MW offshore single-pile wind turbine under wind–wave
coupling and pointed out the crucial influence of turbulence intensity on fatigue loads.
They suggested that the minimum fatigue design factor (FDF) should be no less than three.
Xu et al. [7], based on a newly developed nonlinear wave, conducted fatigue damage and
critical response studies on floating wind turbines. They found that the fatigue loads on
the tower base are mainly induced by waves, and the incoming wind is the primary factor
affecting most of the turbine’s motion.

Neeraj Aggarwal et al. [12] investigated the dynamic response characteristics of a
floating wind turbine under harsh sea conditions by modeling the Spar platform floating
wind turbine based on the potential flow theory and, using the hydrodynamic software
Aqwa (2010), Jeon S H et al. [13] simulated the dynamic response of a Spar platform floating
wind turbine under the action of turbulent wind and irregular waves, generating random
waves using P–M wave spectra and employing a coupled iterative BEM–FEM method to
analyze the interaction between the wave-floater structure and wave-mooring line.

However, the complexity of offshore wind and waves [14] makes the turbulence
intensity of incoming wind crucial for the power and load distribution of floating wind
turbines. Variations in turbulence intensity [15] can lead to abrupt changes in wind loads
on various parts of the turbine structure, increasing fatigue loads, reducing safety, and
shortening the lifespan [16–18]. Li et al. [19] used dynamic overflow computational fluid
dynamics (CFD) and multi-body dynamics (MBD) for kinematic response calculations of
aerodynamic loads and verified the validity of the turbulence model by comparing the
expected statistics of the CFD-simulated turbulent wind field with the Mann-modeled
turbulent inlet boundaries of the displayed wind. Marino et al. [16] compared linear
and nonlinear wave models for a 5 MW wind turbine model under different wind and
sea state modeling assumptions and pointed out that linear wave motion is the main
cause of fatigue loading in wind turbines. Fu et al. [20] used a wind tunnel to collect
wake data from a floating offshore wind turbine and discussed the effects of parameters
such as pitch and sway vibration on the instantaneous power output and wake trajectory.
Zheng et al. [21], using bidirectional fluid–structure coupling technology, numerically
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simulated the NREL-5MW wind turbine and investigated the influence of turbulent wind
with different intensities on the aerodynamic characteristics of the wind turbine.

Furthermore, the creation of turbulence prediction models not only helps to build
wind turbine operation strategies, but it also serves as a reference for the construction of
offshore floating wind turbines. XU et al. [22] based their turbulence prediction model
on phase space reconstruction and a generalized learning system (BLS), which not only
has higher prediction accuracy but also has a faster learning speed to meet the prediction
requirements of the wind–wave coupling of floating wind turbines. Zhang et al. [23]
propose an improved Dynamic Inverse Learning Jaya (DOLJaya) method, which is highly
competitive and adaptable in terms of efficiency in solving complex nonlinear problems. Li
et al. [24] propose a spatio-temporal prediction model based on the optimally weighted
graphical convolutional network (GCN) and the gated recurrent unit (GRU), which takes
full advantage of the spatio-temporal characteristics of the turbulence development to
substantially improve the prediction accuracy. Xu et al. [25] found that by improving the
Caputo–Fabrizio fractional order derivative SR in the vibration diagnosis of wind turbine
systems, the weak vibration signals are amplified, which effectively improves the vibration
detection efficiency of wind turbines operating in strong turbulence environments. Zhang
et al. [26] proposed a new layout method for wind turbines. They studied the evolution
process of wind turbine wake through the wind tunnel test, and analyzed the speed
distribution and turbulence characteristics of wind farms through the turbulence intensity
and other factors.

In conclusion, the effect of turbulence intensity on wind turbine loads and dynamic re-
sponse is significant. Floating wind turbines frequently meet harsh sea conditions, making
the wind–wave coupling effect an important research subject. It is worth emphasizing that
there is currently a scarcity of in-depth studies on the effect of turbulence intensity on the
aerodynamic loads of floating wind turbines under wind–wave coupling, both domestically
and globally. As a result, this paper, using the OpenFAST version 3.0.0 (Fatigue, Aerody-
namics, Structures, Turbulence) software, seeks to investigate the impact of wind–wave
coupling at various turbulence intensities on the aerodynamic loads of the NREL-5MW
semi-submersible wind turbine using simulation and modeling.

2. Research Object

The research focuses on the NREL-5MW wind turbine, and its main parameters
are presented in Table 1. Additionally, the study utilizes the OC4-DeepCwind floating
foundation, with its key parameters detailed in Table 2. Figure 1 shows the model of a
5 MW semi-submersible wind turbine.
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Table 1. NREL-5MW Wind Turbine Parameters.

Parameter/Unit Value

Rated power/MW 5
Number of blades/n 3

Hub height/m 90
Impeller diameter/m 126

Cut-in wind speed/(m·s−1) 3.0
Rated wind speed/(m·s−1) 11.4

Cutting wind speed/(m·s−1) 25.0

Table 2. Semi-submersible platform parameters.

Parameter/Unit Value

Draft/m 22
Displacement/m3 2.35 × 104
Platform mass/kg 2.17 × 107
Center of mass/m −15.23

Roll inertia/(kg·m2) 9.43 × 109
Pitch inertia/(kg·m2) 9.43 × 109
Yaw inertia/(kg·m2) 1.63 × 1010

Number of mooring lines n 3
Fairlead depth/m 9.5
Anchor depth/m 130

Distance to fairleads from platform centerline/m 44
Distance to anchors from platform centerline/m 691

Mooring line diameter/m 0.246
Mooring line mass/(kg·m−1) 375.38

3. Wave Coupling Loads

To comprehensively understand the performance of the NREL-5MW semi-submersible
wind turbine under different turbulence intensities and sea conditions, numerical simu-
lations were conducted to provide a diverse and comprehensive analysis of the impact
on the aerodynamic characteristics of the floating wind turbine. Specifically, the inflow
conditions of the wind turbine adopted the turbulence model of the IEC Kaimal wind
spectrum, with normal wind as the turbulence type. Turbulence intensities were set at
5% and 20%. Additionally, irregular waves were simulated using the Pierson–Moskowitz
(P–M) spectrum to generate two different wave spectra, with significant wave heights (HS)
set at 2.5 m and 5 m. The total simulation duration was 1000 s with a time step of 0.0125 s.
This setup resulted in four different simulation scenarios, as detailed in Table 3.

Table 3. Environmental Condition.

Case U (m/s) I Hs (m) Tp (S)

1

11.4

5% 2.5 7.1
2 5% 5 10.3
3 20% 2.5 7.1
4 20% 5 10.3

These defined conditions allow for an in-depth investigation into the response of the
NREL-5MW semi-submersible wind turbine under different turbulence and sea conditions,
providing a more comprehensive understanding of the characteristics of its aerodynamic
loads. This will contribute to a detailed and comprehensive data foundation for further
analysis of the performance of floating wind turbines in complex offshore environments.
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3.1. Environmental Wind Field

To simulate the inflow conditions of the wind turbine, Turbsim v2.0.0 software was
employed to generate a turbulent wind field with a wind speed of 11.4 m/s. The turbulence
model used the IEC Kaimal wind spectrum, and normal wind was selected as the turbulence
type. Two different turbulence intensity levels were set at 5% and 20%. The specific
simulation parameters are detailed in Table 4.

Table 4. Parameter values for turbulent wind farm simulation.

Simulation Parameters of Turbulent Wind Farm/Unit Value

Turbulence spectrum model IEC Kaimal
Two-dimensional wind farm grid node setup (Y × Z) 31 × 31

Time step (s) 0.05
Effective simulation duration (s) 1000

Reference height (m) 90
Average wind speed at reference altitude/(m·s−1) 11.4

IEC turbulence type NTM
Mesh height Z (m) 160
Mesh width Y (m) 145

Turbulence intensity 5%, 20%

In this configuration, we considered the distribution of nodes in the two-dimensional
wind farm grid and the average wind speed at the reference height. By selecting an
appropriate time step, we could simulate the dynamic changes in the turbulent wind field
over a relatively short duration. This setup provides robust support for in-depth research
into the aerodynamic response of the wind turbine under different turbulence intensities.
Under the combined action of various loads, considering the structural size of the wind
turbine and its possible drift motion, the calculation domain of a wind field with a height
of 160 m and a width of 145 m was selected and divided into a grid of 31 × 31, as shown in
Figure 2. Here, the turbulent wind generated by Turbsim circulates in a two-dimensional
wind field. Incoming wind enters from the front entrance and exits in the x direction, thus
circulating.
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3.2. Wind Loads

In this study, OpenFAST was utilized to calculate wind turbine loads, employing
the classical blade element momentum theory. In this theory, the wind turbine blade is
simplified into a finite number of blade elements. An iterative algorithm is employed to
solve for the distribution of axial induction factor (a) and tangential induction factor (a′)
along the span of the blade. The finite element theory is combined with the blade element
theory and momentum theory. Wind turbine blades are treated as finite segments. The
lift and drag coefficients of the blade section airfoil are used to calculate the aerodynamic
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forces acting on each blade element. Figure 3 shows the velocity triangles and forces acting
on the airfoil. Where Ω is the rotor speed, r is the local radius of the blade element, V is
the inflow velocity, W is the relative inflow velocity, a and b are the axial and tangential
induction factors, α and β are, respectively, the effective angle of attack, torsion angle, and
inflow angle of the blade element; φ is the relative inflow angle of the local element, and L
and D are, respectively, the lift force and resistance generated by the blade element.

Sustainability 2024, 16, x FOR PEER REVIEW 6 of 18 
 

 
Figure 2. Wind field meshing. 

3.2. Wind Loads 
In this study, OpenFAST was utilized to calculate wind turbine loads, employing the 

classical blade element momentum theory. In this theory, the wind turbine blade is sim-
plified into a finite number of blade elements. An iterative algorithm is employed to solve 
for the distribution of axial induction factor (a) and tangential induction factor (a′) along 
the span of the blade. The finite element theory is combined with the blade element theory 
and momentum theory. Wind turbine blades are treated as finite segments. The lift and 
drag coefficients of the blade section airfoil are used to calculate the aerodynamic forces 
acting on each blade element. Figure 3 shows the velocity triangles and forces acting on 
the airfoil. Where Ω is the rotor speed, r is the local radius of the blade element, V is the 
inflow velocity, W is the relative inflow velocity, a and b are the axial and tangential in-
duction factors, α and β are, respectively, the effective angle of attack, torsion angle, and 
inflow angle of the blade element; φ is the relative inflow angle of the local element, and 
L and D are, respectively, the lift force and resistance generated by the blade element. 

 
Figure 3. Illustration of the velocity triangle for a blade element. 

The loads on each blade element are then integrated along the span. The aerodynamic 
loads on the wind turbine blade generated by the blade element momentum theory can 
be represented as the following: d𝑇 = 12 𝜌𝑉ଶ(𝐶௅𝑐𝑜𝑠∅ + 𝐶஽𝑠𝑖𝑛∅)𝑐𝑑𝑟 (1) d𝑄 = 12 𝑟𝜌𝑉ଶ(𝐶௅𝑐𝑜𝑠∅ − 𝐶஽𝑐𝑜𝑠∅)𝑐𝑑𝑟 (2) 

where 𝑇 is the thrust force on the wind turbine rotor; 𝑄 is the torque; 𝜌 is the actual air 
density; V is the relative inflow wind speed at the rotor; 𝐶௅ and 𝐶஽ are the lift and drag 
coefficients, respectively; ∅ is the angle of attack; 𝑐 is the chord length of a blade ele-
ment; and 𝑟 is the radial distance from the blade to the hub. 

The turbulent wind at the hub height is characterized by wind speeds in three direc-
tions: along the wind direction (axial), perpendicular to the wind direction (transverse), 
and vertically. Turbulence intensity is defined as the ratio of the standard  

Figure 3. Illustration of the velocity triangle for a blade element.

The loads on each blade element are then integrated along the span. The aerodynamic
loads on the wind turbine blade generated by the blade element momentum theory can be
represented as the following:

dT =
1
2

ρV2(CLcos∅+ CDsin∅)cdr (1)

dQ =
1
2

rρV2(CLcos∅− CDcos∅)cdr (2)

where T is the thrust force on the wind turbine rotor; Q is the torque; ρ is the actual air
density; V is the relative inflow wind speed at the rotor; CL and CD are the lift and drag
coefficients, respectively; ∅ is the angle of attack; c is the chord length of a blade element;
and r is the radial distance from the blade to the hub.

The turbulent wind at the hub height is characterized by wind speeds in three direc-
tions: along the wind direction (axial), perpendicular to the wind direction (transverse),
and vertically. Turbulence intensity is defined as the ratio of the standard deviation of the
wind speed (root mean square of the fluctuating wind speed) to the average wind speed,
the formula is as follows:

I =

√
u′2 + v′2 + w′2√

u2 + v2 + w2
=

√
u′2 + v′2 + w′2

V
(3)

where u, v, and w are velocity components in vertical, horizontal, and vertical orthogonal
directions, respectively. And w′ are the three components of fluctuating wind speed,
respectively. Figure 4 illustrates the wind speed distribution at the hub height under two
different turbulence intensities.
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Figure 4. Wind speed of two turbulence intensities at wheel hub height. (A–C) represent u, v, and w,
respectively.

3.3. Wave Loads

When offshore floating wind turbines operate at sea, they experience the complex
coupling of turbulent winds and waves, resulting in multi-degree-of-freedom complex
motions. Many researchers commonly employ wave spectra to study wave loads. After
dimensionless analysis of the average spectrum obtained by different wind speed groups,
Pierson et al. [27] obtained each quantity in the dimensional spectrum by fitting; a complete
wave spectrum model was obtained, that is, a Pierson–Moskowitz spectrum (also known
as P–M spectrum). The P–M spectrum is applicable to the sea surface in a fully extended
state, and wind speed is its only variable parameter.

In this study, the P–M spectrum is chosen to simulate irregular waves, with significant
wave heights of 2.5 m and 5 m and spectral peak periods of 7.1 s and 10.3 s. Wave height is
defined by actual measured ocean data over the eastern United States [28]. The expressions
for the P–M spectrum are given by:

SPM =
4·H2

s
π2 ·ω5· exp

(
−5·ω4

4·ω4
p

)
(4)

where SPM provides the energy contributed by each component wave in different fre-
quency intervals, Hs is the significant wave height, ωp is the spectral peak frequency, and
ω is the wave circular frequency. Figure 5 shows two different kinds of waves.
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where SB is the wet surface of the platform and r⃗ the tangent vector of the platform sur-
face. 

  

0 200 400 600 800 1000
-2

-1

0

1

2

0 200 400 600 800 1000

-4

-2

0

2

4

2.
5m

 w
av

e 
he

ig
ht

/(m
)

Time (s)

5m
 w

av
e 

he
ig

ht
/(m

)

Time (s)

Figure 5. Two kinds of irregular waves. (A) shows irregular waves with a significant wave height of
2.5 m and a spectral peak period of 7.1 s, while (B) displays irregular waves with a significant wave
height of 5 m and a spectral peak period of 10.3 s.

Due to the large size of the semi-submersible platform in this study, its response
to waves cannot be ignored. Therefore, the radiation/diffraction theory is employed to



Sustainability 2024, 16, 2967 8 of 17

calculate wave loads. Assuming the seawater is an incompressible, irrotational, and inviscid
ideal fluid, the total velocity potential Φ in the flow field can be expressed as the following:

Φ = ΦI + ΦD + ΦR (5)

∂Φ

∂t
+ gη = pω +

1
2

ρω

(
∂Φ

∂s

)2
(6)

where ΦI is the incident potential, ΦD is the diffracted potential, and ΦR is the radiated
potential. The total velocity potential in the wave field satisfies the Laplace equation and the
corresponding boundary conditions. Specifically, for the free surface boundary condition,
it can be expressed as the following:

∂2Φ/∂x2 + ∂2Φ/∂y2 + ∂2Φ/∂z2 = 0
∂Φ/∂s = ∂η/∂t + (∂η/∂x)·(∂Φ/∂x) + (∂η/∂y)·(∂Φ/∂y)

∂Φ/∂t = 0.5(∇Φ)2 + Pw/ρw + gs = 0
∂Φ/∂z|z=h = 0

∂Φ/∂ →
n
= 0ΦR = 0

(7)

where g is the acceleration due to gravity, t is time, h is the water depth, Pw is the pressure at
the water surface,

→
n is the outward normal direction vector to the wet surface, η is the free

surface elevation, ρw is the water density, and s is the free surface. This method of solving
wave loads will serve as a foundation for analyzing the dynamic response of floating wind
turbines under different wave conditions.

The hydrodynamic pressure Fd on the surface of the floating body can be obtained by
the Bernoulli equation, and the wave load FW , wave moment, and wave vector MW can be
obtained by solving the equation.

Fd= −∂Φ/∂t (8)

FW=
x

SB−pw
→
n dSB (9)

MW=
x

SB−Fd
→
r ×→

n dSB (10)

where SB is the wet surface of the platform and
→
r the tangent vector of the platform surface.

4. Simulation Validation

To validate the reliability of the turbulent wind model generated by Turbsim, this study
conducted a frequency spectrum analysis on simulated wind data with a 5% turbulence
intensity. The data was transformed into a power density spectrum and compared with the
theoretical formula of the IEC Kaimal wind spectrum. Taking longitudinal wind speed as
an example, the theoretical power density spectrum formula for longitudinal wind speed
in the Kaimal model is given by the following:

S( f ) =
4·σ2·L
π·Vhub

· 1

(1 + 4· f ·L/Vhub)
5/3 (11)

where f is the frequency, S is the power density, σ is the velocity standard deviation, L is
the turbulence integral scale, and hub Vhub is the hub height wind speed at 90 m.

From Figure 6A, it can be observed that the simulated power spectrum of longitudinal
wind speed aligns well with the frequency domain variations of the IEC Kaimal target
function spectrum. Therefore, it can be concluded that the turbulent fluctuating wind field
established in this study is reasonably reliable.
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Figure 6. (A) Longitudinal wind speed power spectrum vs. Kaimal and (B) aerodynamic load of
wind turbine impeller.

These validation results indicate that the turbulent wind model used in this study
aligns with theoretical formulas in the frequency domain, ensuring accurate simulation of
the dynamic response of floating wind turbines under different turbulence conditions.

The NREL-5MW wind turbine selected in this paper is controlled by variable speed
and variable pitch. According to the literature [29], the generator and rotor speeds of 5 MW
wind turbines increase linearly with wind speed to maintain a constant blade tip speed
ratio and optimal wind power conversion efficiency. Similarly, generator and rotor power
and generator and rotor torque also increase sharply with the increase in wind speed,
showing three times and two times, respectively. Above the rated power, the generator and
rotor power are kept constant by adjusting to a fixed speed through active pitch control.

In order to verify the authenticity of the output results in this paper, the power speed
curve given by the official NREL-5MW wind turbine [30] was compared. The result is
shown in Figure 7. As can be seen from the figure, the results of this paper are highly
consistent with the official results, indicating the feasibility and authenticity of the output
results of this paper.
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Figure 7. Power curve comparison.

5. Results and Analysis

To analyze the impact of turbulence intensity in inflow wind and waves on the aero-
dynamic loads of floating wind turbines, we selected an inflow wind with a rated speed of
11.4 m/s and considered two different turbulence intensities: 5% and 20%. Additionally,
we used the P–M spectrum to simulate two types of irregular waves as input conditions.
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A fully coupled simulation of the NREL-5MW semi-submersible wind turbine was con-
ducted using OpenFAST 3.0.0 software, with a simulation duration of 1000 s. To ensure the
accuracy of the simulation results, unstable data from the first 400 s were excluded.

In this setup, we focus on the aerodynamic load responses of the floating wind turbine
under different turbulence and wave conditions, as well as potential structural dynamic
responses. The results of the fully coupled simulation provide in-depth insights into
the complex dynamic characteristics of floating wind turbines during offshore operation,
offering a robust reference for design and optimization.

5.1. Analysis of Generating Power and Blade Root Bending Moment

From Figure 4B, it can be observed that in underrated wind speed conditions, the aero-
dynamic power of the wind turbine fluctuates significantly with an increase in turbulence
intensity in the inflow wind. The larger the turbulence intensity, the more pronounced the
fluctuation. In contrast, the variation in wave height has a relatively small impact on the
aerodynamic power of the wind turbine. Additionally, by comparing Figures 2 and 4B, it is
evident that the trend of aerodynamic power changes in sync with the variation in inflow
wind at the hub height, exhibiting a high correlation.

In the same sea conditions, when the turbulence intensity in the inflow wind increases
from 5% to 20%, the standard deviation of the wind turbine’s aerodynamic power increases
by 121.62% and 98.88%, respectively. However, under the same turbulence intensity, when
the significant wave height increases from 2.5 m to 5 m, the aerodynamic power of the
wind turbine increases by 13.64% and 1.35%, respectively. The overall results indicate that
the aerodynamic power of the wind turbine is primarily influenced by wind loads, while
wave loads have a minor impact. This is attributed to the influence of mooring cables on
the foundation of the floating wind turbine, leading to a significant effect of wave loads
on the motion response of the floating foundation, with little effect on the wind turbine
blades. Conversely, the turbulence intensity in the inflow wind, representing the relative
strength of turbulent wind speed, directly affects the fluctuation of wind loads, resulting in
noticeable amplitude fluctuations in aerodynamic power.

Figure 6B shows the fluctuation of the wind turbine’s aerodynamic power. Figure 8A,
Figure 8B, and Figure 8C respectively show the swinging moment, flapping moment, and
torsional moment at the blade root of the wind turbine over time. These moments exhibit
periodic changes over time, with an increase in turbulence intensity causing significant
variations in the blade root moments. It is noteworthy that the swinging moment is
primarily caused by the weight of the wind turbine blade itself, resulting in a relatively
smaller correlation with turbulence intensity and sea conditions. The standard deviation of
the flapping moment experiences a significant increase, indicating that turbulence intensity
has the most significant impact on the flapping moment at the blade root. The time series
of the flapping moment shows continuous variation over time, presenting a large cycle
with a duration of 100 s, featuring low points and high points at semi-cycles.

Table 5 provides statistical characteristics of the changes in wind turbine output power
and aerodynamic loads during the 1000 s. As the turbulence intensity in the inflow wind
increases, the standard deviations of the swinging, flapping, and torsion moments at the
blade root also increase accordingly. Particularly, the standard deviation of the flapping
moment experiences a substantial increase, indicating that turbulence intensity has the
most significant impact on the flapping moment at the blade root. The changes in power
output and aerodynamic loads of the wind turbine under different turbulence intensities
and wave conditions exhibit complex correlations in trends and amplitude changes. This
is significant for further understanding the dynamic response characteristics of floating
wind turbines.
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Figure 8. (A) Swinging moment of blade root, (B) flapping moment of blade root, and (C) torsion
moment of blade root.

Table 5. NREL-5MW Wind Turbine 1000 s hour output power and aerodynamic loads.

Data
Characteristics Condition Power

(kW)
FootMx
(kN/m)

FootMy
(kN/m)

FootMz
(kN/m)

Standard
deviation

1 463.08 2563.21 696.43 45.31
2 522.98 2563.67 763.35 45.39
3 1026.30 2587.06 1527.35 42.11
4 1040.12 2585.94 1555.62 42.11

Maximum value

1 5557.89 5304.04 11,501.70 83.75
2 5480.24 5290.85 11,752.30 85.08
3 5901.14 6061.52 14,667.85 105.91
4 5704.84 5999.14 14,228.04 103.99

Mean value

1 4679.64 1198.59 9582.22 2.25
2 4686.84 1199.72 9575.68 2.24
3 4412.35 1139.37 8460.51 −3.16
4 4416.26 1141.27 8452.50 −3.19

Minimum value

1 58.92 −3163.23 264.66 −75.64
2 58.89 −3259.60 264.10 −73.86
3 58.77 −3357.63 279.77 −94.21
4 58.73 −3580.81 279.21 −99.30

5.2. Analysis of Platform Coupled Motion Response

Figure 9 presents the time-domain responses of the semi-submersible platform under
different operating conditions, with both wind and waves propagating along the positive
X-axis. The simulation duration is 1000 s, with the initial 400 s discarded to eliminate
the transient effects of wind turbine startup on the system’s dynamic response. The
examination of the six-degrees-of-freedom motion reveals that, among various motions,
the platform’s responses in surge, sway, and heave are most prominently affected.

The surge motion of the platform, depicted in Figure 9A and summarized in Table 6,
exhibits notable standard deviations under varying turbulence intensities and sea states.
As turbulence intensity and wave height increase, the standard deviation of surge also rises,
indicating a reduction in platform stability. Specifically, under a turbulence intensity of 5%,
the standard deviation of surge increases by 25% as the wave height transitions from 2.5 m
to 5 m. This trend is more pronounced with a turbulence intensity of 20%, showing a 4.3%
increase in the standard deviation of surge under the same wave height conditions.
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Table 6. Platform motion response statistics table.

Data
Characteristics Case Surge

(m)
Sway
(m)

Heave
(m)

Roll
(◦)

Pitch
(◦)

Yaw
(◦)

Standard
deviation

1 0.54 0.21 0.04 0.05 0.25 0.52
2 0.71 0.14 0.23 0.05 0.45 0.31
3 1.36 0.47 0.05 0.14 0.86 0.95
4 1.20 0.35 0.24 0.12 0.90 0.82

Maximum
value

1 9.95 0.07 −0.05 0.27 3.52 0.13
2 10.86 −0.03 0.01 0.30 3.37 0.16
3 10.58 0.07 −0.09 0.20 4.11 0.61
4 11.02 −0.15 0.02 0.44 3.50 0.15

Mean value

1 8.64 −0.07 −0.04 0.25 3.51 0.09
2 8.92 −0.08 −0.03 0.25 3.52 0.10
3 7.82 −0.14 −0.03 0.24 3.07 0.04
4 8.12 −0.13 −0.02 0.24 3.09 0.05

Minimum
value

1 7.14 0.45 −0.03 0.30 3.03 0.51
2 6.99 −0.24 0.25 0.19 4.49 −0.13
3 4.62 −0.57 −0.03 0.16 2.92 0.11
4 5.28 −0.46 −0.11 0.19 3.10 0.25

Similar to the surge, the sway motion of the platform experiences increased standard
deviations with escalating turbulence intensity and wave height, as illustrated in Figure 9B
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and corroborated by Table 6. The standard deviation of sway is particularly sensitive to
turbulence intensity, demonstrating a 37% increase when transitioning from a turbulence
intensity of 5% to 20% under a 5 m wave scenario. This underscores the heightened
influence of turbulence intensity on the sway motion of the floating platform.

Contrary to surge and sway, the heave motion of the platform displays a comparatively
smaller sensitivity to turbulence intensity. Wave effects are more prominent in influencing
heave, as evidenced by Figure 9C and the statistics in Table 6. A detailed comparison
between case sets reveals that, as turbulence intensity increases from 5% to 20%, the
standard deviation of heave experiences a modest 4.3% rise under similar sea conditions.

The rotational motions of the platform, including roll, pitch, and yaw, are also influ-
enced by turbulence intensity and wave height, as depicted in Figure 9D, Figure 9E, and
Figure 9F, respectively. These rotational motions exhibit increased standard deviations
under elevated turbulence intensity, indicating the diminishing stability of the platform.

The statistical overview provided in Table 6 encapsulates the standard deviation,
maximum, mean, and minimum values for each degree of freedom motion under different
environmental conditions. Notably, the surge and sway motions demonstrate a substantial
increase in standard deviation with heightened turbulence intensity and wave height, signi-
fying a pronounced impact on platform stability. Conversely, heave, being less responsive
to turbulence intensity, is primarily influenced by wave effects.

These comprehensive analyses of platform motion responses under varying turbulence
and wave conditions contribute to a more nuanced understanding of the intricate dynamics
involved in the operation of floating wind turbines. The findings offer crucial insights for
optimizing design parameters and enhancing the overall performance and stability of such
systems in challenging marine environments.

5.3. Analysis of Velocity in Wake Region

The wake model in the AeroDyn module adopts the blade element momentum theory
to conduct a dynamic simulation of wind turbine characteristics in time and region. The
blades are divided into wirelessly thin blade units along the radius direction. When the
load borne by the blades suddenly changes, the wake will quickly change accordingly. In
the Wake Dynamics module, advection, deflection, and meandering models of wake are
used to describe the propagation and diffusion process of the wake generated by the wind
turbine in space. The wake is transported by turbulent vortices of different scales, and
large-scale turbulent vortices directly affect the wind turbine wake meandering. Small-scale
turbulent vortices affect the loss evolution of the wind turbine wake [30].

Figure 10 illustrates the wake velocity distributions under four distinct operating
conditions at 1000 s. From Figure 10A,B, it can be observed that, despite variations in wave
height and period, the velocity patterns are generally similar, suggesting a relatively minor
influence of waves on the wake region. As turbulence intensity increases, it tends to reduce
the area of low-velocity regions in the wake to some extent, resulting in a faster recovery of
wake velocity.

To analyze the wake variation patterns, statistical data were collected for the wind
turbine positions and average axial velocities at downstream locations of 3D, 5D, and 7D.
The changes in axial velocities with height at different wake positions are illustrated in
Figure 11. Under various operational conditions, distinct velocity variations are observed
within the wind turbine rotor area. At a 5% turbulence intensity, notable velocity fluctu-
ations are observed near the lower blade tip position, resulting in velocity deficits at the
blade tip and hub center height. Beyond 5D, the velocity begins to recover. With an increase
in turbulence intensity, the impact of the wind turbine on velocities at different heights
gradually diminishes.
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Figure 11. Velocity distribution of different flow directions.

Figure 12 depicts the distribution of velocity deficits in the x-y plane at the hub height
downstream of the wind turbine. As the downstream distance increases, the velocity
gradually recovers. From Figure 12A,B, it is evident that at x = 3D, 5D, and 7D, the velocity
deficits at the wake center are 0.3, 0.25, and 0.17, respectively. Similarly, from Figure 9C,D,
the velocity deficits are 0.16, 0.05, and 0.02. Comparing Figure 9A,B with Figure 9C,D, it
can be observed that under different turbulence intensities, the trend of velocity deficit
changes at the hub height remains consistent. With an increase in downstream position,
the velocity deficit initially increases and then decreases.



Sustainability 2024, 16, 2967 15 of 17

Sustainability 2024, 16, x FOR PEER REVIEW 15 of 18 
 

 
Figure 11. Velocity distribution of different flow directions. 

Figure 12 depicts the distribution of velocity deficits in the x-y plane at the hub height 
downstream of the wind turbine. As the downstream distance increases, the velocity grad-
ually recovers. From Figure 12A,B, it is evident that at x = 3D, 5D, and 7D, the velocity 
deficits at the wake center are 0.3, 0.25, and 0.17, respectively. Similarly, from Figure 9C,D, 
the velocity deficits are 0.16, 0.05, and 0.02. Comparing Figure 9A,B with Figure 9C,D, it 
can be observed that under different turbulence intensities, the trend of velocity deficit 
changes at the hub height remains consistent. With an increase in downstream position, 
the velocity deficit initially increases and then decreases. 

 
Figure 12. Loss of spanwise wake velocity. (A–D) corresponds to the speed loss under case1-case4 
conditions respectively. 

The influence of turbulence intensity on wake velocity deficit is more pronounced in 
the near-wake region. As turbulence intensity increases, the velocity deficit at different 

0

50

100

150

200

250

300

H
ei

gh
t (

m
)

 x=0D  x=3D  x=5D  x=7D

0

50

100

150

200

250

300

H
ei

gh
t (

m
)

 x=0D  x=3D  x=5D  x=7D

0

50

100

150

200

250

300

H
ei

gh
t (

m
)

 x=0D  x=3D  x=5D  x=7D

0 16
0

50

100

150

200

250

300

H
ei

gh
t (

m
)

Velocity-x (m/s)

 x=0D  x=3D

0 16

 x=5D  x=7D

Figure 12. Loss of spanwise wake velocity. (A–D) corresponds to the speed loss under case1-case4
conditions respectively.

The influence of turbulence intensity on wake velocity deficit is more pronounced in
the near-wake region. As turbulence intensity increases, the velocity deficit at different
positions on the hub center plane in the x-y plane becomes smaller, resulting in a quicker
recovery of velocity.

6. Conclusions

In this study, a complete examination of the dynamic response of the NREL-5MW semi-
submersible wind turbine to turbulent winds and varied sea conditions was conducted
using the secondary development of OpenFAST 3.0.0 and Turbsim v2.0.0. Furthermore,
the study investigates and scrutinizes the six-degrees-of-freedom motion of the OC4-
DeepCwind floating foundation in a variety of maritime conditions. Some insights gained
from this research can be concisely described as follows:

(1) Aerodynamic Performance Dominance: Wind-induced loads dominate the wind
turbine’s aerodynamic power output, with wave-induced loads having just a minor
contribution. Power oscillations in response to increased turbulence intensity are
notable for their size and turbulent character. Surprisingly, fluctuations in wave height
have little effect on the aerodynamic performance of the wind turbine.

(2) Root Bending Moment Sensitivity: Root bending moment loads at the blade root of the
wind turbine predominantly originate from wind-induced loads, displaying limited
sensitivity to wave effects. As turbulence intensity escalates, there is a discernible
intensification of loads at the blade root. Specifically, the standard deviation of the
flap, lead-lag, and torsional moments at the blade root increases proportionally, with
the lead-lag moment exhibiting the most pronounced surge. This underscores the
predominant impact of turbulence intensity on the lead-lag moment at the blade root.

(3) Platform Coupled Motion Response: Examining the platform’s six-degrees-of-freedom
motion, it is evident that turbulent winds and waves exert the most significant in-
fluence on surge, sway, and heave. Turbulence intensity, particularly in wind flows,
appears as the most important driver of the floating wind turbine platform’s dy-
namic response. As turbulence strength and wave height increase, platform stability
decreases.

(4) Performance under Combined Environmental Factors: When turbulence intensity is
set at 5%, the floating platform exhibits increased sway under wave conditions transi-
tioning from a 2.5 m to a 5 m wave height scenario, with a 37% increase in maximum
amplitude and a 30% growth in standard deviation. In contrast, at 20% turbulence
intensity, the platform’s sway amplitude and standard deviation decrease. This shows
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that the platform’s longitudinal displacement is minimized, and its stability improves
when high turbulence intensity and large wave scenarios are coupled.

(5) Wind Turbine Wave Effect: Wave height and period have a minimal impact on wake
velocity, while turbulence intensity exerts a more substantial influence. There are
noticeable variations in wind speed within the wind turbine rotor area. As turbulence
intensity increases, the velocity deficit at the hub center decreases, resulting in a faster
recovery of velocity.
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