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Maritime and Transportation, Ningbo University, Ningbo, Zhejiang, China

As the size and installed capacity of the wind turbines continue to evolve
globally, the aerodynamics and fatigue damage on the support structures are
experienced a corresponding increasing trend. Consequently, the significance
of improving the structural safety of the wind turbines has become incredibly
critical. To address aforementioned challenges, the tower-top acceleration
feedback control technique has emerged as a promising solution to improve
stability and long-term operational reliability by mitigating vibrations, reducing
fatigue damage, and enhancing overall structural safety. This study aims to
comprehensively investigate the influence of tower-top acceleration feedback
control on the operational characteristics and structural responses of the
IEA 15 MW wind turbine under complex environmental loadings. The key
performance indicators involving the responses of the tower and pile foundation
have been systematically analyzed with various damping gain parameters. In
addition, the fatigue damage analysis has been conducted under 4 m/s to
25 m/s wind speed conditions. The obtained results demonstrate that the
tower-top acceleration gain control can significantly reduce the tower-top
displacement, acceleration, and pile foundation loads under wind speeds
ranging from 6 m/s to 11 m/s and some of severe conditions. Notably, the
most significant reduction in maximum, average and standard deviation of
the mudline bending moment of the wind turbine is exhibited by as much as
15.27%, 0.83%, and 24.46%, respectively, under a 6 m/s wind speed scenario.
However, the demand for gain control is relatively minimal, where the wind
turbine reaches its rated rotor speed with the most intense aerodynamics. A
similar trend can be found in the fatigue damage at the tower-base, pile-
top, sea water level (SWL), and mudline of the support structure of the
wind turbine. It can be significantly mitigated due to appropriate gain control
under mild and severe environmental scenarios. These findings prove that
well-implemented tower-top acceleration feedback control system not only
improves the aerodynamic performance of the monopile-type wind turbine,
but also enhances the structural safety, thereby providing a reliable technical
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support for the continuous development of the large-capacity offshore wind
turbines (OWTs).

KEYWORDS

offshore wind energy, monopile-type wind turbine, tower-top feedback control,
structural response, fatigue damage

1 Introduction

With the increasing requirement of the renewable energy,
offshore wind has attracted global attention due to its advantages
of being clean, efficient and abundant resources. In addition, the
wind turbines have developed fast and towards larger capacities.
The significant argument in the individual capacity of wind turbines
contributes to higher energy utilization efficiency, however, it brings
challenges in the complex structural responses and heightened
fatigue damage at the same time. Moreover, the complicated
environmental loadings composed of wind, waves, currents, sea
ice and seismic activities can also introduce more intense coupling
effects of the wind turbines. Therefore, the structural loads on
the tower-top, pile foundation, and blades of the wind turbine are
experiencing significant variability.

In addition, the key components of the wind turbine, especially
the tower, experience significant vibrations due to larger variations
in wind speeds. These vibrations can dramatically affect the
operating stability, structural lifespan, and the capacity of output
power. To address these research challenges, the implement of
tower-top acceleration feedback control technique can effectively
mitigate or suppress unnecessary vibrations based on real-time
monitoring and feedback control of the tower-top interactions,
thereby enhancing the operational reliability and structural safety
of the wind turbines. Specifically, the pitch-control and rotor-speed
control systems are designed for mitigating accumulated fatigue
damage of the wind turbine. So as to ensure the structural safety,
stable operation, and efficient output power, it is of great significance
to investigate the influence of tower-top acceleration feedback
control on the dynamic behavior and fatigue load of thewind turbine
under complex environmental loadings.

Most current studies have focused on the controller design
to enhance the performance of the wind turbine, improving the
key performance indicators, such as power production capability,
fatigue load, and dynamic responses. For instance, Pascu et al. (2017)
proposed a tower fore-aft damping control methodology to reduce
the fatigue load at the support structure of the wind turbine by up to
3% when the natural frequency of tower deviates from the nominal
value. Zhang et al. (2014) developed an active control method using
generator torques with feedback to mitigate the tower interaction
based on gear-driven and direct-driven wind turbines. It was found
that the feedback control made little influence on the smoothness of
the output power from the generator. Kumar et al. (2016) developed
a methodology to apply individual pitch control based on the
tower-top strain gauge feedback taking place of blade-root strain
gauge feedback. The obtained results showed that the proposed
method could effectively mitigate the fatigue load by up to 2.5%
of the wind turbine compared to the conventional methodologies.
Mohammadi et al. (2014) proposed an adaptive controller to
suppress the tower vibration under various environmental loadings

based on the characteristics of an internalmodel in an error feedback
loop. FAST, TurbSim, AeroDyn, and Simulink were integrated for
simulation research. Nam et al. (2013) compared the effect of linear
quadratic regulation on the mechanical load mitigation of the wind
turbine to that when using a PI controller. Schlipf et al. (2014)
compared a nonlinear and linear model predictive controller to a
baseline controller. It was found that those controllers both could
improve the dynamic behavior, while the nonlinearmodel predictive
controller performed better in comparison with the linear controller
under the rated speed scenario. Perrone (2015) conducted the
simulation which were iterated for three control strategies involving
baseline control, traditional tower control, and advanced tower
control of the 5 MW wind turbine under two combined wind-sea
conditions. It was found that the proposed technique could mitigate
fatigue load of the wind turbine without severely impairing pitch
actuators. In addition, the results revealed that the reduction of
tower loadwas correlatedwith the online time-frequency simulation
of tower vibrations. Ren et al. (2015) investigated the impact of
the tower vibration including the fore-aft and side to side of the
wind turbine using the Passivity-based Control (PBC) method.
It could effectively reduce the tower vibration using the offshore
Permanent Magnet Synchronous Generator. It demonstrated that
the PBC methodology can not only mitigate the fatigue damage of
tower, but enhancing the stability of output power for the generator
compared to the traditional tower controller. Jassmann et al. (2016)
developed a model predictive controller (MPC) to enhance the
output power with limited mechanical loads of a commercial 3 MW
wind turbine. The obtained data presented that the output power
within a limit of 4% under an extreme operation gust, compared to
8% before. Meanwhile, the bendingmoment at the tower-base of the
wind turbine could be reduced by approximately 15%.

In addition, Brodersen et al. (2017) proposed an active tuned
mass damper (TMD) for damping of tower vibrations of the fixed
OWTs, where the additional actuator force was operated based
on feedback according to the relative velocity of the damper mass
and tower displacement. Lio et al. (2018) developed an individual
pitch-based tower controller according to the rotor speed regulation
loop. The results showed that the proposed individual-pitch-based
tower controller could achieve a similar performance compared to
the collective-pitch-basedmethodologywithout negligible influence
based on the nominal output power of the wind turbine. Yang
and Li (2018) proposed an active control method to improve the
stability of platform roll motion of the wind turbine operating in the
downwind direction based onminor revise of the tail furlingmodule
in aerodynamics, structures, fatigue, and turbulence. It was found
that the variance of roll motion angle presents mitigation by up to
73%–95%, while the fatigue damage for the side-side of tower-base
bending moment was able to decreased by 20%–61%. Cetrini et al.
(2019) developed a robust control methodology by evaluating the
fatigue load of wind turbines.The virtual sensorwas used to estimate
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the fatigue damage, meanwhile the blade pitch and generator torque
allows to enhance the output power and load mitigation the most
significantly. A controller with additional proportional gain was
proposed by Lenfest et al. (2020) to improve the dynamic behavior
and reduce the fatigue load of thewind turbine.WuandWang (2022)
developed an active and passive combination vibration control
system (HMD) for the barge-type wind turbine by integrating a
longitudinal TMD with limited stroke. The influence of TMD and
HMD on the hydrodynamic responses of the wind turbine has
been investigated under combined wind and wave scenarios. It
demonstrated that the vibration mitigation impact of the HMD
integrated control was effectively enhanced with the constraints of
TMD stroke. Grant et al. (2022) studied the interdependencies of
a parallel floating feedback controller and platform control based
on OpenFAST. The results demonstrated that the floating feedback
control and static floater can be adopted at the same time tomitigate
the structural loads and platform motions. Long et al. (2023)
established a model considering the aero-servo-structure coupling
effects of the wind turbine with feedback control force based on
the virtual TMD algorithm. It was found that the active control
was able to suppress the interaction of wind turbines under various
environmental loadings.The proposed controller could augment the
mitigation impact of wind turbine behavior with minor stroke and
control force under operating modes. Pamososuryo et al. (2024)
proposed a modulation-demodulation control (MDC) strategy to
mitigate the side-side tower load based on the variable speed of wind
turbine.The periodic loading and natural frequency excitation in the
side-side towermotion can be effectively reduced using that diagonal
linear time-invariant controller. Wang et al. (2024) implemented
a real-time blade pitch and generator torque control to study the
impacts of feedback and thrust maximum shaving. The influence of
hull-based TMD on mitigating the fatigue load of the wind turbine
has also been investigated. Chen et al. (2024) proposed an integrated
controller by combining the maximum power point tracking
(MPPT) torque control and feedback-feedforward blade pitch
control, which could effectively mitigate the fatigue damage and
enhance output power of the wind turbine. The aero-hydro-servo-
elastic-soil interactions of the wind turbine was comprehensively
considered. The results showed that the mudline bending moment
and tower-top displacement of the wind turbine under relatively
higher wind speed scenarios can be reduced by close to 10% due to
the hybrid control strategy.

To recapitulate, there has been a lack of research on tower-
top acceleration feedback control and parametric studies so far. In
addition, the influence of environmental loadings n the effectiveness
of tower-top feedback gain control has not been comprehensively
investigated. The effect of the feedback control on the dynamic
performance, particularly the fatigue damage in the long-term
span of the wind turbine is relatively scarce. To address the
aforementioned drawbacks, this research will evaluate the influence
of feedback control in the dynamic response and fatigue damage of
the wind turbine using the open-source software OpenFAST under
complicated environmental loadings.

The remaining sections of this study are organized as follows:
Section 2 provides an overview of the fundamental theories related
to the tower-top acceleration feedback control. Section 3 describes
the environmental load cases (LCs) and outlines the IEA 15 MW
wind turbine adopted in this research. Section 4 explores the

FIGURE 1
Schema of IEA 15 MW monopile OWT.

TABLE 1 Main parameters of IEA 15 MWOWT.

Parameter Value Parameter Value

Rated power/MW 15 Pitch angle/° 6

Rated wind speed/(m·s-1) 10.59 Blade mass/t 65

Rated rotor speed/rpm 7.56 Tower-top mass/t 1,017

Draft/m 30 Tower height/m 144.495

Blade diameter/m 240 Tower mass/t 860

Hub diameter/m 7.94 Monopile height/m 10

Hub height/m 150 Monopile mass/t 1,318

dynamic behavior and fatigue damage of the wind turbine with
respect to the feedback control. Section 5 concludes with a summary
of the main findings of this study.

2 Description of the tower-top
acceleration feedback control

2.1 Introduction of blade pitch angle
controller

The control system used to achieve the adjustment of rotor
speed and blade pitch of the wind turbine is composed of two
parts, including the torque-speed control system and the blade pitch
angle control system. It can make sure that the largest utilization
efficiency can be achieved for the wind turbine under relatively
lower wind speeds, meanwhile stable output rated power at higher
wind speeds. The former sub-system is primarily focused on the
scenarios below the rated wind speed, adjusting the rotor speed
to maximize the aerodynamic efficiency to enhance the utilization
of wind energy. The latter sub-system is designed for the relatively
severe conditions. It can effectively adjust the blade pitch angle to
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TABLE 2 The examined environmental conditions (Yang et al., 2020).

Load cases Wind speed (m/s) Significant wave height(m) Peak spectral period(s) Probability

LC1 4.0 1.108 3.499 3.64%

LC2 5.0 1.146 3.599 4.21%

LC3 6.0 1.198 3.775 5.67%

LC4 7.0 1.269 3.984 7.12%

LC5 8.0 1.359 4.266 7.94%

LC6 9.0 1.478 4.670 8.41%

LC7 10.0 1.617 4.895 7.82%

LC8 11.0 1.779 5.256 7.41%

LC9 12.0 1.954 5.557 6.91%

LC10 13.0 2.144 5.999 6.45%

LC11 14.0 2.350 6.337 6.11%

LC12 15.0 2.573 6.566 5.35%

LC13 16.0 2.808 6.890 4.80%

LC14 17.0 3.062 6.996 4.26%

LC15 18.0 3.361 7.120 3.31%

LC16 19.0 3.645 7.234 2.95%

LC17 20.0 3.860 7.457 2.17%

LC18 21.0 4.081 7.779 1.87%

LC19 22.0 4.335 8.023 1.17%

LC20 23.0 4.610 8.227 1.02%

LC21 24.0 4.905 8.565 0.73%

LC22 25.0 5.216 8.890 0.56%

mitigate the aerodynamic efficiency, ensuring the structural safety
of the wind turbine at rated output power.

The blade pitch angle controller is activated to decrease the
utilization efficiency of the wind energy and keep the rated output
power when the rotor speed of wind turbine exceeds the rated
speed. It can significantly protect the structural safety of the wind
turbine and generator, avoiding overload scenarios. Therefore, a
proportional-integral (PI) gain controller is adopted to simulate
the variation of the blade pitch angle and rotor speed at the
same time (Hwas and Katebi, 2012).

The drivetrain system composed of the rotor main shaft, gear
box, and generator high-speed shaft is considered as a single-
degree-of-freedom (DOF) system, where the DOF is equivalent
to the orientation of the rotational axis. The equation of motion
for the free vibrations of the drivetrain system is presented in the

Equation 1 below:

Tr −NgTg = (Ir +N
2
gIg)

d(Ω0 +ΔΩ)
dt
= IgtΔΩ̇ (1)

wherein, Tr and Tg represent the rotor and generator torque,
respectively; Ir and Ig are the inertiamoments of rotor and generator;
Ng is the ratio of gearbox; Ω0 and ΔΩ̇ are the rated speed and
acceleration of the wind turbine, while ΔΩ is the variation in the
single time step.

The generator torque is inversely proportional to the rotational
speed with respect to the pitch control, therefore Tg can be
calculated in Equation 2 as follows:

Tg =
P0
NgΩ

(2)

where P0 represents the rated output power of the wind turbine.
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FIGURE 2
The visualization of turbulent wind field under various environmental conditions. (a) Wind speed distribution on rotor plane-8 m/s (b) Wind speed
distribution at hub-8 m/s. (c) Wind speed distribution on rotor plane-12 m/s (d) Wind speed distribution at hub-12 m/s. (e) Wind speed distribution on
rotor plane-18 m/s (f) Wind speed distribution at hub-18 m/s.

Similarly, the wind turbine torque is negatively correlated with
the rotational speed, which can be expressed in Equation 3 below:

Tr(θ) =
P(θ,Ω0)

Ω0
(3)

where P is the actual output power of wind turbine, θ is the pitch
angle of blade.

Perform a first-order Taylor expansion in Equation 4:

{{{{
{{{{
{

Tg ≈
P0

NgΩ0
−

P0
NgΩ2

0
ΔΩ

Tg ≈
P0
Ω0
+ 1
Ω0
(∂P
∂θ
)Δθ

(4)

wherein Δθ represents the variation of the blade pitch angle. In
addition, Δθ and ΔΩ can be obtained based on the proportional

integral-derivative (PID) control in Equation 5 as follows:

Δθ = KPNgΔΩ+KI∫
t

0
NgΔΩdt+KDNgΔΩ̇ (5)

where KP, KI, and KD represent the proportional, integral, and
derivative gains of the blade pitch angle control system, respectively.

Moreover, the dynamic model of the drivetrain of the rotational
speed variation is presented in Equation 6:

{{{{{{{{{{{
{{{{{{{{{{{
{

Mφφ̈+Cφφ̇+Kφφ = 0

Mφ = Igt +
1
Ω0
(−∂P

∂θ
)NgKD

Cφ =
1
Ω0
(−∂P

∂θ
)NgKP −

P0
Ω2

0

Kφ =
1
Ω0
(−∂P

∂θ
)NgKI

(6)
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FIGURE 3
Tower-top displacement under examined LCs. (a) about x axis-LC5 (b) about y axis-LC5. (c) about x axis-LC9 (d) about y axis-LC9. (e) about x axis-LC15
(f) about y axis-LC15.

The rotor speed variation is the solution of the second-order
dynamic system of the PID controller. The natural frequency
ωφn, and damping ratio ξφ can be expressed in Equation 7 as
follows:

{{{{{{
{{{{{{
{

ωφn = √
Kφ

Mφ

ξφ =
Cφ

2ωφnMφ

(7)

The corresponding proportional gain KP and integral KI can be
calculated in Equation 8 as follows:

{{{{{{
{{{{{{
{

KP =
2IgtΩ0ξφωφn

Ng(−
∂P
∂θ
)

KI =
IgtΩ0ω

2
φn

Ng(−
∂P
∂θ
)

(8)

2.2 Basic theory of tower-top acceleration
feedback control

The traditional methodology for improvement of the tower
damping of fixed wind turbines is integrate an additional blade-
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FIGURE 4
Statistics of tower-top displacement under all examined LCs. (a) Max (b) Average. (c) Standard deviation.

pitch control loop for rotor-speed regulation that requires a tower-
top acceleration feedback control. The integrate of the control loop
is used to increase the aerodynamic rotor thrust with revise for
the blade-pitch angle using the tower-top accelerationmethodology.
The variations in the rotor thrust with full-span rotor-collective
blade-pitch angles would be considered to investigate the influence
of blade-pitch angle on the platform-pitch damping coefficient,
which can be calculated in Equation 9 as follows (Jonkman, 2008):

T = T0 −
∂T
∂V

ẋ+ ∂T
∂θ
Δθ (9)

where in, Δθ is variation in blade-pitch angles corresponding to
the operating point. In addition, the blade-pitch ratio of the tower-
feedback control loop is positively correlated to the tower-top
acceleration control based on a gain KPx, presented in Equation
10 as follows:

Δθ̇ = KPxẋ (10)

On top of that, as can be seen in Equation 11 the integrate of
the control loop is able to adjust the effective damping parameter as
follows, the effective mass and stiffness parameters would be kept
unchanged with the addition of the control loop:

Cx =
BRadiation +BViscoux

L2HH

+ ∂T
∂V
−KPx

∂T
∂θ

(11)

If the relationship between the rotor thrust sensitivity, pitch
angle, and the rotor is known, the pitch angle damping ratio of
the wind turbine platform can be effectively enhanced using a
reasonable control gain.The followingEquation 12 can be developed
based on the existing model:

Δζx = −
KPx

2√KxMx

(∂T
∂θ
) (12)

3 Introduction to IEA 15 MW wind
turbine

A 15 MW direct-drive prototype wind turbine was designed by
National Renewable Energy Laboratory (NREL) of the United States
collaborated with the Technical University of Denmark (DTU)
in 2020, namely, the IEA 15 MW wind turbine, as shown in
Figure 1.

It is a monopile-type wind turbine. The rotor diameter of
the wind turbine is represented 240 m, with a hub height and
diameter of 150 m and 7.94 m, respectively. The rated power
of the wind turbine can be achieved by 15 MW under the
rated wind speed of 10.59 m/s. The blade mass and diameter
are respectively 65 t and 240 m. It has been the largest wind
turbine publicly used for academic studies so far. The main design
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FIGURE 5
Tower-top acceleration under examined LCs. (a) about x axis-LC5 (b) about y axis-LC5. (c) about x axis-LC9 (d) about y axis-LC9. (e) about x axis-LC15
(f) about y axis-LC15.

parameters of the IEA 15 MW wind turbine are presented in
Table 1.

This study is based on the precise data of the IEA 15 MW
reference wind turbine released by the International Energy
Agency (IEA). The 15 MW OWT is developed based on
the open-source software OpenFAST to provide a reliable
and precise simulation model for further research involving
the effect of tower-top acceleration feedback control on the
structural response and fatigue load of the wind turbine
structures.

4 Results and discussions

4.1 Load cases

Table 2 presents the wind speed and corresponding met-ocean
data of the examined LCs adjacent to the coast of northern Scotland.
The turbulent wind is generated using the Kaimal spectrum,
while the irregular waves are modeled based on the JONSWAP
spectrum. In addition, the overall simulation time and each time
step is set to 1,000 s and 0.005 s, respectively. Due to transient
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FIGURE 6
Statistics of tower-top acceleration under all examined LCs. (a) Max (b) Average. (c) Standard deviation.

behavior during wind turbine start-up process, results of previous
400 s are neglected. Moreover, the baseline K I value without
feedback control of the wind turbine is −1. Two K I values of
0.02 and 0.1 are adopted in this research to investigate the key
performance indicators involving tower-top displacement, tower-
top acceleration, and mudline bending moment, as well as the
fatigue damage of the wind turbine and compared to the results of
baseline.

Moreover, so as to comprehensively investigate the effect
of feedback control of the tower-top acceleration of the wind
turbine, three LCs involving mild, regular and severe sea conditions
have been adopted for further study. The turbulent wind field
corresponding to average wind speeds of 8 m/s, 12 m/s, and 18 m/s
are respectively presented in Figure 2.

4.2 Dynamic behavior of the support
structures

To comprehensively investigate the effectiveness of the tower-top
feedback control of the large-scale wind turbine, key performance
indicators regarding displacement and acceleration at the tower-top,
as well as mudline bending moment of the supported structure of
the wind turbine have been analyzed under mild, regular, and severe
environmental loadings.

4.2.1 Tower-top displacement
Figure 3 shows the tower-top displacement about x and y axis

of the 15 MW monopile-type wind turbine subjected to different
tower-top feedback control parameters under LC5, LC9 and LC15,
respectively. As can be seen, the tower-top displacement about
x and y axis is respectively decreased with a K I value of 0.02.
Specifically, the average values of tower-top displacement about
x axis of the wind turbine are 0.62 m and 0.59 m with the K I
values of 0.02 and 0.1, respectively, under a 12 m/s wind speed
condition. The corresponding value of wind turbine without tower-
top feedback control is achieved at 0.58 m. It means that the tower-
top displacement about x axis of the wind turbine is increased by
up to 7.92% and 2.13%, respectively. However, the displacement at
the tower-top about y axis is reduced by 8.88% and 8.24% with
K I values of 0.02 and 0.1. The findings indicate that the tower-top
feedback control plays a crucial part in mitigating the tower-top
displacement about y axis of thewind turbine under the 12 m/s wind
speed condition.

Moreover, as shown in the Figure 3a,b, the tower-top
displacement is considerably decreased due to feedback control,
particularly under a relativemild wind speed condition. Notably, the
tower-top displacement about x axis of the wind turbine is mitigated
by up to 0.91% and 0.65% due to feedback control compared to the
baseline value of 0.46 m. Similarly, the total displacement is also
reduced by 0.88% and 0.64%, respectively, under an 8 m/s wind
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FIGURE 7
Mudline bending moment of the support structure under LC5, LC9, and LC15. (a)about x axis-LC5 (b) about y axis-LC5. (c) about x axis-LC9 (d) about y
axis-LC9. (e) about x axis-LC15 (f) about y axis-LC15.

speed condition. On top of that, when wind speed increases to
18 m/s, a reduction in tower-top displacement is observed due to
feedback control. The standard deviation values of displacement at
the tower-top about y axis are 0.039 m and 0.048 m, respectively,
representing reductions by up to 23.62% and 5.19%, compared to
the value of 0.51 m without control.

These findings demonstrate that the effect of tower-top feedback
control is more considerable under a relatively lower (8 m/s) or
higher (18 m/s) wind speed compared to the 12 m/s. This can be
attributed to the fact that the significant aerodynamic response is
generated due to feedback control at tower-top under wind speeds
close to rated operational modes of the wind turbine. Particularly,
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FIGURE 8
Statistics of mudline bending moment of the support structure under all examined LCs. (a) Max (b) Average. (c) Standard deviation.

the feedback control results in amplified force fluctuations, which
in turn intensify the structural response at the tower-top of the
wind turbine. Since the aerodynamic behavior is achieved the most
severe at the rated rotor speed, the effectiveness of feedback control
in mitigation of tower-top displacement is more excellent under
relatively mild and severe sea conditions.

The statistic values including maximum, average and standard
deviations of the tower-top displacements of the wind turbine are
presented in Figure 4. It can be seen that the maximum values of
displacement are mitigated with K I values of 0.02 and 0.1 under
the 4 m/s to 9 m/s wind speed conditions. However, when the
wind speed increases to between 11 m/s and 16 m/s, the tower-
top displacement is significantly amplified with a 0.02 K I value. It
means that the structural response of wind turbine is increased due
to tower-top acceleration feedback control. Similar to maximum
values, the average and standard deviation have also shown a
significant increase under the 12 m/s wind speed scenario. This is
because the aerodynamic responses of the wind turbine are the
most pronounced when the rotor speed and thrust approach the
rated values, which would be more intense with the implement of
tower-top feedback control.

Moreover, it is evident that the displacement at the tower-top
of the wind turbine is notably reduced due to the K I value of

0.1 under most of mild and severe environmental scenarios. This
demonstrates that appropriately feedback controlwith consideration
of specific environmental loadings can positively mitigate the tower-
top displacement, thereby improving the safety and structural
reliability of the support structural of the IEA15 MWmonopile-type
wind turbine.

4.2.2 Tower-top acceleration
The variation trend of the tower-top acceleration about x and

y axis of the wind turbine with different damping gain control
parameters under mild, regular, and severe sea conditions have
been presented in Figure 5. As seen in the figures, the acceleration
at the tower-top about both x and y axis at the top of the tower
are significantly mitigated due to the K I value of 0.1. However,
the mitigation effect is more pronounced with a K I value of 0.02
under the mild sea state. Specifically, the standard deviation of the
tower-top acceleration about y axis under an 18 m/s wind speed
condition is 0.15 m/s2 without feedback control. The corresponding
values of the wind turbine with K I values of 0.02 and 0.1 achieves
0.12 m/s2 and 0.14 m/s2, respectively, representing the reductions
by 20.48% and 4.65%. This indicates that tower-top acceleration
feedback control makes a positive effect on mitigating acceleration
of the wind turbine under most sea scenarios.
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FIGURE 9
The axial stress of wind turbine at tower-base under various
environmental loadings. (a) LC5. (b) LC9. (c) LC15.

However, the different trend to top displacement can be found
under the nearly rated wind speed condition. The tower-top
acceleration is respectively increased by up to 93.83% and 76.76%
with a K I value of 0.02 compared to that of the wind turbine
without feedback control. It once again proves that for the wind
turbine operates under the 12 m/s wind speed condition, there
is no need to implement the feedback control. It also indicates
that the effectiveness of feedback control is closely correlated with
environmental conditions.

Figure 6 compares the statistical values of tower-top acceleration
with different feedback control parameters under all examined LCs.
It can be observed in the figures that the statistics of the acceleration
across reduced with a K I value of 0.1 under wind speeds ranging
from 4 m/s to 11 m/s and some of severe sea conditions. However,
the acceleration has been amplified under 12 m/s to 13 m/s wind
speed scenarios. Specifically, the standard deviation values without
feedback control is achieved at 0.20 m/s2 under nearly the rated
wind speed condition (12 m/s). The corresponding values due to

FIGURE 10
The axial stress of wind turbine at SWL under various environmental
loadings. (a) LC5. (b) LC9. (c) LC15.

feedback control with K I values of 0.02 and 0.1 are 0.28 m/s2 and
0.23 m/s2. It is equivalent to increases by up to 40.29% and 17.37%,
respectively.

Moreover, the tower-top acceleration is mitigated the most
significantly with a K I value of 0.1 under most sea scenarios. The
largest reduction in average is achieved by up to 38.50% and 28.60%
under a 6 m/s wind speed condition with K I values of 0.02 and
0.1, respectively. Although the tower-top acceleration is further
reduced when K I is set to 0.02, the mitigated effect is better with
a K I value of 0.1 in the majority of sea conditions. For instance,
it is reduced by up to 10.33% with a K I value of 0.1, however, the
corresponding result is increased by up to 82.81% with a K I value
of 0.02 under the 15 m/s wind speed scenario. In addition, the top
tower acceleration is achieved already nearly doubles with a 0.02
K I feedback control at a wind speed of 13 m/s. Therefore, setting
the feedback damping K I to 0.1 is more beneficial for reducing
the top structural response of the wind turbine under most sea
scenarios.
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FIGURE 11
Axial stress of wind turbine at mudline under various environmental
loadings. (a) LC5. (b) LC9. (c) LC15.

4.2.3 Mudline bending moment of the support
structure

The mudline bending moment is one of the most significant
output parameters for assessing the structural safety of a
wind turbine. Figure 7 presents the rolling and pitching bending
moment of the pile foundation for the monopile-type wind turbine
with different K I values under LC5, LC9, and LC15, respectively.
As observed, the feedback control makes a more dramatic effect
in mudline bending moment under an 8 m/s wind speed scenario.
Specifically, the average values in rolling bending moment with
K I values of −1, 0.02, and 0.1 achieve at 14.2 MN·m, 13.9 MN·m,
and 15.0 MN·m, respectively. It is equivalent to a 1.57% reduction
and 6.18% increase with K I values of 0.02 and 0.1. Moreover, the
reductions are exhibited by up to 7.49% and 1.82% under an 18 m/s
wind speed.

In addition, the pitching bendingmoment of the pile foundation
is also experienced the reductions. Specifically, the standard
deviation values with K I values of −1, 0.1, and 0.02 are achieved at
15.33 MN·m, 13.07 MN·m, and 13.81 MN·m, respectively, under an

8 m/s wind speed condition, representing the mitigations reaching
14.72% and 9.89% compared to that with baseline. Moreover, the
mitigation by up to 1.98% is exhibited due to a K I value of 0.1 under
a relatively higher wind speed condition, however, there exists an
increase by up to 14.91% with a K I value of 0.02.

Consequently, the above data shows that the mudline bending
moment in rolling and pitching can be amplified due to feedback
control under the nearly rated speeds of the wind turbine, which is
similar to the displacement and acceleration.

Figure 8 shows the statistical values ofmudline bendingmoment
of the support structure with various K I values under the wind
speeds ranging from 4 m/s to 25 m/s. As shown in Figure 8a, the
maximum values are mitigated due to a K I value of 0.1 in most
sea scenarios. However, it is amplified with feedback control under
the wind speeds between 11 m/s and 14 m/s. Notably, it can be
observed that when wind speed reaches 15 m/s and 16 m/s, the
mudline bending moment is respectively increased by up to 7 and 3
times with a K I value of 0.02 compared to the baseline. Conversely,
there exists a slight increase of 1.27% with a K I value of 0.1. The
above data shows that a K I of 0.1 is generally more effective in
mitigating the mudline bending moment in most environmental
scenarios. The most significant reduction in maximum, average
and standard deviation is respectively achieved by up to 15.27%,
0.83%, and 24.46% under a 6 m/s wind speed scenario. In addition,
it is noted that the feedback control has a minor influence in the
average mudline bending moment, with a more notable effect on
the variation and transient behavior of the structural response of the
wind turbine.

4.3 Fatigue analysis of the support
structures

Reasonable acceleration feedback control parameters can
significantly reduce the structural response of the tower and pile
foundation, thereby decreasing the fatigue load of the wind turbine.
However, it may also lead to more intense responses if the control
strategy is inappropriate or excessively adjusted. Therefore, to
systematically explore the impact of tower-top acceleration feedback
control on the fatigue load of predominant structural components
of the wind turbine, the axial stress and accumulated fatigue damage
at the pile and tower have been comprehensively studied.

4.3.1 Axial stress analysis
4.3.1.1 Tower-base

Figure 9 presents the axial stress at tower-base of wind
turbine under mild, regular, and severe conditions. As can be
seen in the Figure 9a, the fluctuation of axial stress with a K I of 0.02
is significantly reduced compared to that without feedback control.
Specifically, the standard deviation values withK I values of −1, 0.02,
and 0.1 are achieved at 2.26 MPa, 1.65 MPa, and 2.78 MPa under
an 8 m/s wind speed scenario, respectively. It is equivalent to the
reduction of 26.99% with a K I value of 0.02, while there exists an
increase of 23.01%with a 0.1K I . However, the average values of axial
stress at tower-base are 16.968 MPa, 16.967 MPa, and 16.962 MPa,
indicating that feedback control makes little negative influence in
the average level of the axial stress of wind turbine.
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FIGURE 12
Accumulated fatigue load of wind turbine under various environmental loadings. (a) LC5. (b) LC9. (c) LC15.

The above data shows that the appropriate feedback
control design can effectively mitigate the fluctuation in fatigue
damage at the tower-base under wind speeds of 8 m/s and
18 m/s, thereby improving the structural safety of the wind
turbine.

4.3.1.2 Sea water level
Figure 10 presents the axial stress at the SWL of the wind turbine

under the mild, regular, and severe environmental conditions,
respectively. As can be seen, the acceleration feedback controlmakes
a difference in mitigating the axial stress under complicated sea
scenarios, especially in the 8 m/s wind speed scenario. Specifically,
the variation of axial stress at the SWL of wind turbine with a K I
value of 0.02 is remarkably reduced compared to the baseline. The
standard deviation values with K I values of −1, 0.02, and 0.1 are
2.29 MPa, 1.68 MPa, and 2.82 MPa, respectively. It means that the
fluctuation in axial stress at the SWL subjected to a K I value of
0.02 is significantly decreased by up to 26.64%, while it is increased
reaching 23.14% with a K I value of 0.1 under an 8 m/s wind speed
condition.

Moreover, the average values of axial stress at the SWL of
the wind turbine are 19.23 MPa, 19.21 MPa, and 18.66 MPa under
the 12 m/s wind speed condition, respectively. It represents that
the reductions in fatigue stress are achieved by 2.96% with a K I
value of 0.1. When the wind speed turns to 18 m/s, the mitigated
fluctuations are exhibited with K I values of 0.02 and 0.1, reaching
22.97% and 5.31%.

The above data indicates that the appropriate feedback control
parameter can effectively decrease the axial stress at SWL, thereby
enhancing the structural safety and improving the lifespan of the
wind turbine.

4.3.1.3 Mudline of the support structure
Figure 11 illustrates the axial stress of the wind turbine at the

mudline of the support structure under various environmental
loadings. As observed, the acceleration feedback control can
significantly mitigate the fluctuation of axial stress under the mild,
regular, and severe sea scenarios, especially with the K I value of
0.02. Specifically, the standard deviation values of axial stress with
K I values of 0.02 and 0.1 are 7.35 MPa, 4.92 MPa, and 5.22 MPa,
respectively, under a 12 m/s wind speed condition. It means that
the feedback control with K I values of 0.02 and 0.1 can reduce the
axial stress at the mudline of the wind turbine by up to 33.06% and
28.98%, respectively. Moreover, the axial fatigue stress at the pile
foundation is respectively reduced by 22.19% and 5.24% due to the
tower-top acceleration feedback control subjected to the severe sea
loadings, which indicates that the appropriate feedback control can
effectively improve the structural safety at the pile foundation of the
wind turbine.

4.3.2 Accumulated fatigue damage analysis
4.3.2.1 Accumulated fatigue damage

Figure 12 shows the accumulated axis fatigue damage of the
wind turbine at SWL with respect to various feedback control under
an angle of 90 deg in 8 m/s, 12 m/s, and 18 m/s wind speed scenario.
As observed, the variation in the accumulated fatigue damage of
wind turbine components due to feedback control is consistent
under the mild and severe conditions.

Moreover, the axial fatigue damage is significantly reduced with
a K I value of 0.02 under the wind speed of 8 m/s and 18 m/s.
Specifically, the axial fatigue load with a K I value of 0.02 is 7.88 ×
10−11, which exhibiting a 13.46% reduction compared to 9.11 × 10−11

without tower-top acceleration feedback control under an 8 m/s
wind speed scenario. The overall variation in accumulated fatigue
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FIGURE 13
The fatigue damage and corresponding reductions of wind turbine at various positions under all the examined LCs. (a) Fatigue damage at tower-base
(b) Reduction. (c) Fatigue damage at pile-top (d) Reduction. (e) Fatigue damage at SWL (f) Reduction. (g) Fatigue damage at Mudline (h) Reduction.
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damage is incredibly decreased due to the appropriate feedback
control, with the largest reduction of 52.94% at 90 deg. In addition,
the variation trend of the fatigue damage at the tower-base of
the wind turbine is similar to that at the SWL. The impact of
different tower-top acceleration feedback control coefficients on the
wind turbine fatigue damage is significantly comparable.The largest
mitigation is respectively exhibited by up to 16.39% and 46.22%with
K I values of 0.02 and 0.1 compared to that without feedback control.
A similar trend is found in the fatigue damage at the pile foundation
with a K I value of 0.1.

However, a notable difference emerges under the 12 m/s wind
speed scenario. Specifically, the accumulated fatigue damage at the
tower-base, pile-top, and SWL of the wind turbine is increased as
the K I values rise, while the most significant fatigue load is achieved
with a K I value of 0.02. The observations indicate that there is
no need to implement a tower-top acceleration feedback control
under the 12 m/s wind speed condition. This is because the wind
turbine operates with optimal aerodynamic performance near the
rated wind speed, resulting in an increase of dynamic responses at
the tower and support structure.

To recapitulate, the above findings indicate that the reasonable
feedback control parameters can effectively reduce the axial fatigue
damage of wind turbine under the mild and severe conditions,
thereby enhancing the structural safety, reliability, and lifespan.

4.3.2.2 Fatigue damage under all examined LCs
Figure 13 presents the fatigue damage of the wind turbine at

different key components with respect to various K I values under
all examined LCs. As can be observed, the effectiveness of tower-top
acceleration feedback control is highly influenced by environmental
loadings. Notably, when the wind turbine operates near its rated
rotor speed, feedback control is unnecessary. The fatigue damage of
the wind turbine is significantly increased at wind speeds between
11 m/s and 14 m/s. Specifically, the fatigue damage at tower-base
with K I values of 0.02 and 0.1 is respectively increased by up to
29.00% and 99.97% at a wind speed of 13 m/s.The fatigue damage at
the SWLalso experiences a significant increase, reaching 24.84%and
99.95%. The considerable increase in fatigue damage at the support
structure presents a serious threat to the structural integrity and
operational safety of the wind turbine.

However, it is found that when the wind speed exceeds 15 m/s,
the acceleration feedback control makes a positive influence in
mitigating the fatigue damage of the wind turbine, particularly with
a K I value of 0.02. Specifically, the fatigue damage at the tower-
base is significantly decreased at wind speeds between 15 m/s and
25 m/s. The largest reduction is achieved by up to 90.76% with a K I
value of 0.02 under a 20 m/s wind speed scenario, while a 84.24%
reduction is observed with a K I value of 0.1. Similarly, the fatigue
damage at the SWL is also notably mitigated under these severe
conditions. Different from the results of tower-base, the effect of
tower-top acceleration feedback control performs better with a K I
value of 0.1, achieving a maximum reduction of 126.15% under a
21 m/s wind speed scenario.

Conversely, discrepancies are observed in the fatigue damage
of various components of the wind turbine. Specifically, the fatigue
damage at the mudline all experiences an increase with a K I value
of 0.1, while exhibiting a significant decrease with a K I value of 0.02
at the wind speeds above 15 m/s. It suggests that the acceleration

feedback control with a K I value of 0.1 makes a negative effect
on the fatigue damage at the mudline, whereas the K I value of
0.02 performs more effectively. The above findings indicate that
the tower-top feedback control is highly effective in mitigating
the fatigue damage of the monopile-type wind turbine under the
severe conditions. A similar trend can be found under milder
environmental scenarios, where the fatigue damage at the tower-
base, pile-top, and SWL is dramatically reduced due to tower-top
feedback control, especially with a K I value of 0.1.

5 Conclusion

To better ensure the operational safety of large-scale OWTs,
tower-top acceleration feedback control has become particularly
significant. It can effectively mitigate tower-top displacement
and acceleration, meanwhile enhancing the stability of the pile
foundation of wind turbines. An IEA 15 MW wind turbine has
been adopted in this study to systemically investigate the effect of
tower-top acceleration feedback control on the structural response
of the wind turbine under complex environmental loadings. Key
performance indicators regarding the tower-top displacement,
acceleration, and pile foundation bending moments are compared
to those obtained without control. The fatigue damage of the
key components of the wind turbine has also been evaluated.
The obtained findings demonstrate that appropriate acceleration
feedback control design can significantly alleviate fatigue damage
and enhance aerodynamic stability of wind turbines. Specific
research findings are summarized as follows:

1. The tower-top feedback control makes a positive effect
on enhancing the dynamic performance of the monopile-
type wind turbine under complex environmental loadings.
Specifically, the tower-top displacement, acceleration, and
pile foundations bending moments are effectively mitigated
under both mild and severe scenarios, with the exception of
conditions close to rated wind speeds. It is because that the
rotor speed reaches the rated with an optimal aerodynamic
performance when the wind turbine operates approach the
rated wind speed. At this time, the tower-top acceleration
feedback control is likely to cause resonance and phase lag
of aerodynamic damping, leading to sudden increase in rotor
thrust and tower-base loads.

2. Feedback control effectiveness in mitigating fatigue damage of
wind turbine is closely associated with the environmental
loadings. The fluctuations in tower-top displacement,
acceleration, and mudline bending moment are amplified
approach the rated wind speed conditions. The impact
of tower-top acceleration feedback control is particularly
pronounced especially in the 6 m/s to 11 m/s and 15 m/s to
25 m/s wind speed ranges. Therefore, it is of great significance
to implement a feedback control of wind turbine under mild
and severe environmental loadings.

3. The tower-top displacement, acceleration, and mudline
bending moment of the support structures are significantly
reduced due to feedback control. Specifically, the maximum
value of tower-top displacement is mitigated with K I values
of 0.02 and 0.1 at wind speeds ranging from 4 m/s to 9 m/s.
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In addition, the largest mitigation in the lateral acceleration
is achieved by up to 38.50% and 28.60% under a 6 m/s
wind speed scenario, respectively. This indicates that an
appropriate K I value can alleviate the aerodynamic response
and enhance the structural safety of the monopile-type wind
turbine.

4. The accumulated fatigue damage of the wind turbine has been
significantly mitigated due to the feedback control of tower-
top under mild and severe conditions. The fatigue damage
at the tower-base, pile-top, and SWL are decreased with K I
of 0.02 and 0.1 under the wind speeds ranging from 16 m/s
to 22 m/s. Meanwhile, the K I value of 0.02 performs better
at the mudline of the support structure. It once again proves
that the appropriate design of tower-top feedback control can
effectively reduce the structural loads, thereby enhancing the
lifespan, and operational safety of wind turbine under complex
environmental loadings.

The limitations of this study are presented as follows:

1. Due to the technical complexity and prohibitive costs
experimental test, this study only investigated the tower-
top feedback control effectiveness based on the open-source
software OpenFAST. However, it is of great significance to
conduct physical modelling tests to comprehensively ensure
the completeness and reliability of the results. Subsequent
experimental tests will be carried out to certificate the findings
in this study.

2. Although the K I value of the tower-top feedback control has
been systematically analyzed in this study, the impact of KP
value that is another significant component of PI controller
of the wind turbine has not been thoroughly investigated.
Therefore, future research will focus on the K I and KP values
at the same time to better investigate the tower-top feedback
control effectiveness of the wind turbine.

3. The combined wind-wave loading analysis focused exclusively
on regular environmental loadings, omitting extreme sea states
that could induce nonlinear structural responses. Future study
will conduct a comprehensive analysis under extreme sea
scenarios including typhoon-condition, with consideration of
nonlinear effects.
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