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As floating offshore wind turbines (FOWTs) increase in size, they become more efficient but also more susceptible
to vibrations and fatigue, shortening their lifespan and reducing power generation. Existing control strategies
often address these loads in isolation, limiting their effectiveness. This study proposes a cooperative control
approach combining individual pitch control (IPC) with a side-to-side tuned mass damper inerter (TMDI) to
mitigate tower fatigue under wind-wave misalignment. A multi-body dynamic model integrates a tower-top

TMDI and a reduced-order IPC with an LQ controller to evaluate FOWT responses. Simulations of various
wind-wave misalignment scenarios demonstrate that the cooperative approach significantly reduces fatigue
damage equivalent loads (DELs) and stresses (DESs), extending tower fatigue life, particularly in high

misalignment conditions.

1. Introduction

Wind energy holds significant potential for replacing fossil fuels due
to its large-scale development feasibility and commercial prospects (G.
W.E. Council, 2024a). To tap into the vast energy potential offshore,
floating offshore wind farms (FOWFs) are emerging as a key focus, with
projected growth in cumulative installed capacity (G.W.E. Council,
2024b). However, floating offshore wind turbines (FOWTs) face harsh
wind and wave conditions that induce structural vibrations and fatigue.
FOWTs experience large blade and tower vibrations and significantly
fatigue damage equivalent loads (DELs) (Jonkman and Matha, 2009).
Under significant wind-wave misalignment, insufficient damping in the
lateral direction notably exacerbates both vibration and fatigue (Fischer
et al., 2011; Duenas-Osorio and Basu, 2008).

The blade pitch control system reduces aerodynamic loads for rated
power production at wind speeds exceeding the rated threshold,
lowering structural responses. The baseline controller (BC) uses a pro-
portional-integral (PI) controller coupled with a collective pitch control
(CPC) mode, which adjusts all three blades simultaneously. However,
CPC cannot address asymmetric aerodynamic loads resulting from tur-
bulence, wind shear, azimuth angle variations, and tower shadow
(Jonkman et al., 2009).

The blade individual pitch control (IPC) mitigates asymmetric loads
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by independently adjusting each blade’s pitch angle. Multi-blade coor-
dinate (MBC) transformation maps loads into tilt and yaw directions,
enabling individual pitch adjustments (Bir, 2010). Controllers like PI
(Bossanyi, 2003) and linear quadratic Gaussian (LQG) (Wright, 2004)
manage rotor speed and loads, while periodic control incorporates
azimuth-related gains to capture higher-order load components beyond
MBC (Namik and Stol, 2010). For floating offshore wind turbines
(FOWTs), IPC also generates aerodynamic restoring moments, with
platform and tower feedback reducing motion (Namik and Stol, 2010;
Sarkar et al., 2021; Wakui et al., 2021; Fitzgerald and Sarkar, 2024).

Advanced pitch controllers integrate complex environmental factors,
employing approaches like disturbance accommodating control (DAC)
(Namik and Stol, 2014; Novaes Menezes et al., 2018; Lemmer et al.,
2016), robust control (Yuan et al., 2020), adaptive control (Yuan and
Tang, 2017; Zhang and Plestan, 2021a), model predictive control (MPC)
(Odgaard et al., 2016), nonlinear MPC (NMPC) (Sarkar et al., 2020a),
and sliding mode control (SMC) (Zhang and Plestan, 2021b). These
model-based methods increasingly integrate data-driven techniques for
enhanced performance (Zhang et al., 2022). Model-free data-driven
control, which optimizes actions based on objectives or rewards without
relying on system dynamics, presents an alternative approach (Xie et al.,
2024; KhalafAnsar and Keighobadi, 2023).

Tuned mass dampers (TMDs) can be utilized alongside pitch control
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to suppress structure loads and vibrations of blades (Park and Lackner,
2021), towers (Lin et al., 2024), and floating platforms (Si et al., 2014) of
wind turbines. TMDs are classified as passive, active (Fitzgerald et al.,
2013), or semi-active (Sun, 2018), with various configurations such as
tuned liquid dampers (TLDs), tuned liquid column dampers (TLCDs),
rolling-ball dampers, eddy current TMDs (EC-TMDs), magneto-
rheological elastomer TMDs (MRE-TMDs), shape memory alloy TMDs
(SMA-TMDs), and pendulum pounding TMDs (PTMDs).

Passive TMDs are widely used due to their simplicity, low cost, and
reliability, but space constraints in wind turbines limit their mass and
stroke, reducing effectiveness (Fitzgerald and Basu, 2020). The TMDI
was then created to remedy this. In 2002, Smith proposed the inerter
(Smith, 2002), which generates inertial forces proportional to relative
acceleration, effectively increasing mass without added weight.
Commonly implemented with rack-and-gear or ball-screw mechanisms,
inerters enhance TMD performance by amplifying mass effects and
reducing damper stroke. TMDIs are particularly advantageous in wind
turbines, offering improved vibration control in limited space
(Fitzgerald et al., 2023; Sarkar and Fitzgerald, 2020, 2022).

Active control strategies, such as generator torque control (Zhang
et al., 2014; Wang et al., 2024), trailing edge flaps (Chen et al., 2017),
and active mooring force control (Wu and Li, 2020), play a vital role in
mitigating wind turbine loads.

Integrated approaches, like multi-mode TMDs (MTMDs) (Dinh and
Basu, 2015; Zuo et al., 2017; Li et al., 2022; Chen et al., 2021) and
multi-directional vibration control (Jahangiri and Sun, 2020), can
further enhance control effectiveness by combining multiple controllers.
For instance, combining torque and pitch control reduces wave-induced
loads in offshore turbines (Chen et al., 2024). In the author’s previous
work about IPC (Sarkar et al., 2021), IPC was found to be able to
effectively suppress the tower fore-aft response, but it performs similarly
as the baseline controller in wind-wave misalignment cases. In other
work about TMDI (Sarkar and Fitzgerald, 2020, 2022) by the author,
TMDI was found less efficient in the fore-aft direction due to a large
amount of aerodynamic damping. Therefore, the integrated IPC-TMDI
control system integrated the advantages of single IPC and TMDL
Meanwhile, there is no mutual influence due to weak coupling in two
different motion directions, which makes the controller design simple.
While Tang et al. (2024) integrated fore-aft TMDI and IPC for onshore
turbines, side-to-side TMDI is more effective for FOWTs under mis-
aligned wind-wave loads due to limited damping in this direction.

This study introduces a cooperative control strategy for FOWTs,
integrating a side-to-side TMDI to mitigate tower vibrations and IPC to
stabilize fore-aft motion and power output. A nonlinear FOWT model
evaluates four control strategies under steady wind and wave-free con-
ditions, comparing their effectiveness in reducing tower damage
equivalent loads (DELs), design equivalent stresses (DESs), and
extending tower fatigue life under varying wind-wave misalignments.
Results highlight the benefits of this integrated approach.

2. Cooperative control strategy for FOWT
2.1. Modeling of FOWT

A nonlinear aeroelastic model utilizing multi-body dynamic (MBD)
method is employed to obtain the structural responses of the FOWT and
further analyze structural fatigue damage. The model is constructed
utilizing Kane’s approach (Kane and Levinson, 1985) by Sarkar et al.
(Sarkar and Fitzgerald, 2021), and it includes 22 degrees of freedom
(DOFs)to present the tower, the floating platform, the nacelle, the
blades, the drive-train, and the generator, as detailed in Table. A1 in the
appendix. The TurbSim program (Jonkman, 2009) is utilized to create
the turbulent wind fields, while the Pierson-Moskowitz spectrum
(Pierson and Moskowitz, 1964) is employed to represent stochastic
waves. The hydrodynamic loads are then estimated using Morison’s
method and the aerodynamic loads are predicted utilizing the blade
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element momentum (BEM) approach. MoorDyn (Hall, 2015) is utilized
to represent the force of mooring cables. The fully coupled computing
framework is shown in Fig. 2. More details about modeling FOWT can be
found in (Sarkar and Fitzgerald, 2021). To regulate the structural
response, the nonlinear FOWT model is integrated with various con-
trollers, created and executed in MATLAB (MathWorks Inc, 2023). More
details about the multi-body FOWT model can be seen (Fitzgerald et al.,
2023; Sarkar and Fitzgerald, 2020, 2021; Sarkar et al., 2020b). Open-
FAST (Jonkman and Buhl, 2005), a fully coupled nonlinear simulation
tool, has been used to benchmark and validate the nonlinear FOWT
model, excluding the coupled damper (Sarkar and Fitzgerald, 2021).

The NREL 5 MW OC3 spar-buoy type FOWT is taken as the reference
since it was widely used in literature and international research projects.
Key parameters for the selected FOWT structure are listed in Table 1.
More details about the structural and aerodynamic properties of the
tower and the blades are defined in (Jonkman et al., 2009).

2.2. IPC with LQ controller and integral controller

The IPC uses an integrated controller in conjunction with a LQ
controller to calculate each blade pitch angle individually. A schematic
of IPC is shown in Fig. 3. The collective pitch command, ¢, and the in-
dividual pitch command, ©;, combine to form the total blade pitch
command, ©:

0=0+0,; (@)

The integral controller generates the collective pitch command,
ensuring that the rotor speed can converge to the nominal speed at wind
speeds exceeding the rated threshold. The individual pitch angles are
produced by the LQ controller, for regulating along-wind dynamic
response. As shown in Fig. 3, the control commands are saturated before
feedback occurs to give realistic control actions. Besides, the generator
speed undergoes the designed low-pass filter in order to eliminate any
high-frequency signal. The integral controller has been obtained from
(Jonkman et al., 2009) and (Jonkman, 2010) based on the motion
equation of the shaft angular rotation DOF, where the integral coeffi-
cient K; is selected to create a positively damped controller by adjusting
the controller frequency. A reduced-order 6-DOF model is constructed to
design the LQ controller, and the selected DOFs are as follows:

Table 1
Key parameters for the FOWT structure.
Component Parameter Value Parameter Value
Rotor & Blades  Rotor 126 m Rated Rotor 12.1 rpm
Diameter Speed
Blade Length 61.5m Cut-in Wind 3m/s
Speed
Number of 3 Cut-out Wind 25 m/s
Blades Speed
Hub Height 90 m Blade Mass 17,740 kg
(each)
Rated Power 5 MW Airfoil Type DU/NACA
Tower Height 87.6 m Wall Thickness 0.027-0.05
m
Top Diameter 3.87m Mass 347,460 kg
Base Diameter 6 m Material Steel
Floating Type Spar- Ballast Mass 1,200,000 kg
Platform buoy
Length 120 m Total Structure 7,466,330 kg
Mass
Outer 6.5 m Gravity Center 29m
Diameter
Mooring Type Catenary Line Length 902.2 m
System Number of 3 Line Diameter 0.09 m
lines
Fairlead 52m Pretension 200 kN
Radius
Anchor Radius  853.87 m  Line Material Steel Chain
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X = {qp qrra1 ga1m1 QB2r1 Q3,1 e} 2

g. is generator speed error DOF, and other DOFs can be found in table.
Al. Kane’s approach is used again to construct the reduced-order model,
and then the nonlinear model is linearized as state space expression. The
rotor is believed to spin steadily so that the rotor and generator speeds
keep constant, and the errors become zero. The final motion equation is
then fromed by combining the generator speed error DOF with the 5-
DOF system. The motion equation for individual generator speed error
DOF is:

. P\. 1/ ap, B
Inrg, + (gﬁ) 6+ o < =5 ) NowKige = 0 3
4. = 0Q = Qo — qaeas “)
t t
0. = [ dde= [ (@ qanit ®)
0 0
G, = 8Q = Ggeps ©®)

where Q represents the rated rotor speed of the FOWT, Ipr represents
inertia from the drivetrain, P, represents the rated mechanical power, 6
represents the blade pitch angle, Ng.qr represents the gear box ratio, and
w, represents the frequency of this DOF. Therefore, mass, stiffness, and
damping terms for the generator speed error are:

m, = IDT (7)
1 0P,
e = 50 ( - THO) NgearK; = w?IDT (€))

P
= (—Q—%> ©

After adding these terms to the 5-DOF system, the final 6-DOF system
can be obtained. More details about the mass, stiffness, and damping
matrices of final linearized system can be found in the author’s previous
work (Sarkar et al., 2021). The resulting motion equation for the line-
arized 6-DOF system can be expressed as follows:

Mq + Cq + Kq = Fareo (v, ©) + Fryyaro (H;, T) (10)

In (10), the wind speed v and blade pitch angles ® determine the aero-
dynamic load Far.,, and the wave parameters, H; and T, determine the
hydrodynamic load Fpyg,. Afterwards, the motion equation can be
further expressed in state space as:

X = Ax +B(0)0 + G(v,0,H;, T,) 1D

where x = [q; q] € #'?*! represents the state vector, and B(®) repre-
sents the control input matrix determined by the blade pitch command
© € .#**1. But in this study, the control input matrix B(6) is assumed to
be equivalent to B(®) for a simpler controller design, so the control input
matrix can be derived as follows:

_ aFAero
- 00 |v0 60

More specifically, it is the numerical central difference method that
is utilized to obtain the control input matrix at the operating point. The
external disturbance factors in Eq. (10) and Eq. (11) are ignored, and the
LQ controller remains steady-state under all load conditions. The steady-
state LQ controller cannot depict all the dynamic features of a finite-time
system at the operating point, but this method is commonly used (Namik
and Stol, 2010, 2014). It facilitates controller design because of no need
for working out an additional set of differential equations. The LQ
controller is designed to minimize the cost function, which is shown as:

B(9) (12)
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J= / N (x"Qx + ©/RO;)dt 13)
0

in which Q and R stand for the state and input weight matrices,
respectively, that punish the states of the control system and the control
input vector, respectively. The optimal control can be found solving the
Ricatti equation:

PA+A'P - PB(OR'B'P+Q=0 14

®, = —R'B(9)Px(t) = —K(9)x(t) (15)

As a result, the LQ controller gain matrix can be tuned by modifying
the state and input weight matrices. More details about the tuning
process are shown in Section 3.2.1.

2.3. Side-to side TMDI

The passive side-to-side TMDI is investigated in this portion. As seen
in Fig. 4 (a), the side-to-side TMDI is mounted at the tower top to
mitigate side-to-side vibrations. Fig. 4 (c) shows that the inerter is
connected to the mass unit in parallel with the spring and damper units.
The inerter transforms the linear motion of the physical mass into the
rotating motion of ball screw or flywheel, while also producing a mass
enhancement effect. This effect enables the TMDI to use the lighter
physical mass yet provides improved vibration control.

The TMDI position does not affect other parts of the FOWT, making
the installation of the TMDI simple. Hence, the position vectors and
velocity vectors for other parts remain unchanged. The DOF number of
the nonlinear FOWT model rises to 23 with the addition of the TMDI,
and this model needs to include the position vector of TMDI as follows:

b
o _ {qDA3 (16)
qpby

in which rP represents the position vector of the TMDI from the origin
of the tower top coordinate to its mass center; qp represents its

displacement; Bl and 33 represent the fore-aft and side-to-side di-
rections in this coordinate system, respectively, which can be found in
Fig. 1. The inerter, damper, and spring units of the TMDI provide the
generalized active forces while the mass unit contributes to the gener-
alized inertia forces.

2.3.1. Optimal tuning of TMDI
The TMDI’s ideal tuning parameters are determined by applying
white noise to a simplified 2-DOF model (Marian and Giaralis, 2014),

Fig. 1. Multiple coordinate systems of the spar-type FOWT.
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which is shown in Fig. 4 (b). More details about the simplified 2-DOF
model can be found in the author’s previous work (Sarkar and Fitzger-
ald, 2020, 2021). The normalized motion equation of the reduced model

is as follows:
)l el (0
da 0 2uw o, |\ g4

F

wf 0 q: —
5 5 = my (17)

0 pow;w; dd 0

where g, and qq4 are the tower and the TMDI DOFs, respectively. y is the
mass ratio and f is the inerter ratio, and they are defined as:

{1 Futpl-¢)® u+p —4))}
n+p(1— ) u+p

_ my
T mg 8)
b

where my is the physical mass and b is the inertial mass, both with the
unit of mass. The natural frequencies of the tower and TMDI are denoted
by w; and wq, respectively. The tuning ratio and damping ratio of the
TMDI are defined as

w =2 (20)
@¢
— Ca
T (1)

where c; represents the damping coefficient of the damping unit. ¢
denotes the tower mode factor at the height Hj, as follows:

¢ = ¢.(Hi) (22)

in which ¢, denotes the normalized primary mode shape of the tower, so
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Fig. 4. Schematic of Tmdi.

0 < ¢ < 1. Once the mode factor ¢ and white noise F are determined, the
optimal tuning ratio can be derived according to (Sarkar and Fitzgerald,
2020) as follows:

w0, = | BT VB —AC VZAle*AC 23)

where

A=3p> (4 + 2ud’f— Audp+ 2up + 2+ ¢ — 49 + 6 °
+2¢°5 — 4pB* — App+ A +2p+1)

B=p (4% — 1 + 4ud* 3 — 2u¢B — Suglap + 2udpp
+AuCEp+ Al — 2up — 24 — PP + P — B — 2p)

C=— (i +2up+p)

and the optimal damping ratio

1 D

= = 24
2uw, V E 29

¢

where

D=y + 24 9*po} — 4’ ppw;} + 24 po} + 2l e} — ol + p*dpro}
— 4P o] + 6P P o} + 2P o} — 203 pal — PP o]
— 4P PPo} + 2P Ppa? + pPF ot + 2> ol — 27 Po? + pro) — 2P w?
+ 12— u P} + 2uppP o} — pfP o} — 2upa? + 2up +

E=u+¢*p—20p +p+1

Egs. (23) and (24) become the ideal tuning parameters of conven-
tional TMDs when the inertial mass vanishes and the fundamental
structure is subjected to the same white noise. Indefinitely increasing the
physical and inertial mass of the TMDI is not an optimal strategy for
enhancing its performance. The excessive physical mass at the tower top
can lead to platform instability and excessive vibrations. Also, research
has shown that the vibration control efficacy of TMDIs reaches a
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saturation point when the inerter ratio § exceeds 0.4 (Sarkar and Fitz-
gerald, 2020). Hence, in this study, the mass ratio y is taken as 0.01 and
the inerter ratio g is taken as 0.4. Additionally, it is assumed that the
inerter is hooked at 0.7 times tower height, H; = 0.7H, = 54.32m. As a
result, the optimal tuning ratio w, and optimal damping ratio are further
obtained by the iterative procedure, @, = 5.8896, and {; = 1.0521.

2.4. Cooperative control strategy under wind-wave misalignment

According to section 2.2, the IPC is designed to regulate power
production and along-wind dynamic response, since the generator speed
error DOF and several along-wind DOFs (qp, qrra1, and gg1) are chosen.
Apart from the functions that reduce the along-wind asymmetrical loads
and regulate power generation performance, IPC can actually function
to suppress the side-to-side motion of WTs through sideway force on the
hub produced by disequilibrium edgewise shear forces at the blade roots
(Fischer et al., 2011). Nevertheless, this requires that the IPC include
sideway states or feedback, which conflicts with the along-wind
states-based IPC, not considered in this study.

TMDIs can be mounted at the tower top, either fore-aft or side-to-
side, to reduce tower vibrations. However, due to greater aerodynamic
damping in the fore-aft direction, side-to-side TMDIs are generally more
effective (Sarkar and Fitzgerald, 2020, 2022). For this study, as seen in
Fig. 4(a), a side-to-side TMDI is placed at the tower top to suppress target
vibrations. This is crucial under wind-wave misaligned conditions,
where side-to-side vibrations become as significant as fore-aft vibrations
for fatigue analysis (International Electrotechnical Commission, 2020).
The cooperative control strategy combines the strengths of IPC and
TMDI, compensating for each other’s limitations without interference,
as weak coupling allows straightforward design for each controller
(Fig. 5).

3. Performance evaluation of the cooperative control strategy
3.1. Under steady wind and wave-free

The proposed cooperative control strategy is first evaluated against
BC without TMDI, BC with TMDI, and IPC without TMDI under the
steady wind and wave-free scenario to study the FOWT’s transient
response. MATLAB (MathWorks Inc, 2023) is used as the simulation
platform, and the fourth-order Runga-Kutta approach is applied for
temporal integration. It is assumed that the FOWT is exposed to a steady
wind field with the hub height reference wind speed of 18 m/s and is
floating on still water. The state weight matrix is taken as Q = 0.001 x
I11411 to reduce the pitch actuation while the control weight matrix is
taken as a third-order identity matrix, R = Is.3. The final low-authority
IPC is obtained by further modifying the state weight matrix Q,
assigning a weight of 1 to the tower fore-aft, platform pitch, and
generator azimuth states. The optimal tuning parameters for TMDI are
assigned as those in section 2.3.

Fig. 6 (a)-(f) shows the structural dynamic response of the FOWT,
including blade out-of-plane and in-plane deflection, tower top fore-aft
and side-to-side displacement, as well as platform pitch. Fig. 6. (g) and
Fig. 6. (i) show the rotor speed and power generation, which are ex-
pected to follow reference values, respectively. Meanwhile, Fig. 6. (h)
illustrates the pitch angle of blade 1. These results elucidate the distinct

IPC based on
fore-aft states

Regulate fore-

aft response 1

Cooperative control

Mitigate side-to- f

side response

—]

Wind-wave
misalignment

Reduce fatigue
damage of tower

Side-to-side TMDI
installed at tower top

Fig. 5. Schematic diagram of the integrated IPC-TMDI control.

Ocean Engineering 333 (2025) 121491

functions of TMDI and IPC: TMDI primarily reduce tower side-to-side
response with minimal impact on other responses, whereas IPC en-
hances the tracking of the rated generator power and the rated rotor
speed, while also mitigating blade response and tower fore-aft response.
Although the tower side-to-side response is much lower than the tower
fore-aft response under this steady wind and wave-free condition, the
former would be significant under wind-wave misalignment, where the
TMDI can play an important role. Furthermore, as seen in Fig. 6 (a), the
rise in pitch actuation is necessary to suppress structural response,
although the pitch actuation remains within saturation limits.

3.2. Under wind-wave misalignment

In this part, frequency domain analysis is used to illustrate the dy-
namic response under wind-wave misalignment loads. Additionally, the
variations in structural response and controller performance due to
increasing misalignment degrees are investigated through fatigue anal-
ysis. The mean wind speed at the hub height is 18 m/s, and the Kaimal
turbulence model is considered, with the turbulence intensity of the
wind field classified as Class B, according to the NTM in IEC 61400-1
(International Electrotechnical Commission, 2019). The wave period is
7.30 s with wave heights of 2.41 m. Before carrying out the simulation,
the next section introduces the optimal tuning of IPC for regulating
power generation and tower fore-aft dynamic response.

3.2.1. IPC optimal tuning

The integral gain has been determined according to (Jonkman,
2010), and the construction of the LQ controller requires the determi-
nation of the input and state weight matrices. The control weight matrix
is still chosen as R = I33. To reach an optimal balance between power
regulation and tower fore-aft dynamic response, a cost function is
employed to determine optimal tuning parameters within the state
weight matrix Q, as follows:

J =Yy + Y¥out (25)

Wp represents the control performance in reducing power variability and
Yo, depicts the control performance in reducing damage equivalent
load (Wpg) for the tower base fore-aft bending moment. They are
defined as follows:

O]
Wy, = ¢ (26)
OBC
A
W = 27)
Apc

where o denotes the power error root mean square (RMS) and A rep-
resents the fatigue DEL of the tower base fore-aft bending moment. The
state weight matrix Q is defined as:

0 {Qz(l -p) } 28)
)

where, Q; = 0.001 x Ij;x11, and it is further adjusted by assigning a
weight of 1 to the tower and platform states. The cost function depicted
in Fig. 7 is obtained by sweeping the tuning parameter p. The ideal
tuning parameter p is found by comparing the cost function values under
four distinct wind-wave loading scenarios.

Based on a visual analysis of the cost function values presented in
Fig. 7, the tuning parameter p is best adjusted to 0.6 to minimizes the
cost function and reaches the best possible balance between the two
conflicting goals.

3.2.2. Control performance evaluation
Fig. 8 demonstrates that the TMDI exerts minimal influence on the
blade response, so the cooperative control strategy acts like the single
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IPC to reduce the blade response by regulating the IP frequency
component.

As shown in Fig. 9 (a) and (b), IPC is capable of mitigating the tower
fore-aft response mostly by regulating the platform pitch, whereas TMDI
can increase the tower damping to mitigate the tower side-to-side
response. IPC can efficiently adjust the fore-aft aerodynamic input,
which is more effective than increasing the structural damping. How-
ever, in the lateral direction, the TMDI demonstrates effective perfor-
mance due to the relatively low aerodynamic damping.

To assess the different control approaches, fatigue damage is
considered as a main objective for comparison. The tower DELs are
calculated using the classical rain flow counting technique (Downing
and Socie, 1982), and single slope S-N curve from MLife (Hayman, 2012)
is adopted:

DELST _ (2@@»’")””

) (29)
f eq T.

where ST denotes that the fatigue analysis is carried out according to
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Fig. 8. Dynamic response of FOWT blade subjected to 90° wind-wave
misalignment loading. (a) Blade out-of-plane deflection. (b) Blade out-of-
plane response spectrum. (c) Blade in-plane deflection. (d) Blade in-plane
response spectrum.

short-term time series; n; represents the cycle count; L; represents the
load range; f,, represents the damage-equivalent load frequency; T,
represents the elapsed time of time-series; m represents the Wholer
exponent. For blades with composite structures, the Wholer exponent m
ranges from 3 to 4, while for steel towers, this figure falls between 9 and
13 (Avendano-Valencia et al., 2021). In this study, the Wholer exponent
m is taken as 4 and 10 for blades and tower, respectively.

Fig. 10 displays the schematic diagram of the wind-wave



Y. Pu et al.

------ BC IPC BC+TMDI —— IPC+TMDI ‘

® Platform pitch

5 ‘/frcqucncy

o
E 5

e
B

Tower natural

Tower fore-aft response spectrum

frequency
0.02 jx
5 0.01
Z
£0.05 0 -
550 560 570 580 590 600 0 0.2 0.4 0.6 0.8
Time (s) Frequency (Hz)
2005
:é (@ ‘ Tower natural
L;(HM | frequency
;}0 03 - Platform roll /
Rt IS .
;;3 frequency Wave load
7 0.02 / frequency
2001} i:
%
51 "
-0.3 Z 0
550 560 570 580 590 600 = 0 0.2 0.4 0.6 0.8

Time (s) Frequency (Hz)

Fig. 9. Dynamic response of FOWT tower subjected to 90° wind-wave
misalignment loading. (a) Tower fore-aft displacement. (b) Tower fore-aft
response spectrum. (c¢) Tower side-to-side placement. (d) Tower side-to-side
response spectrum.

Fig. 10. Schematic of wind-wave misalignment and tower cross-section.

misalignment angle, and Fig. 11 compares fatigue DELs of tower and
blade bending moments, obtained using four control strategies under a
variety of wind-wave misalignment angles. The DELs are calculated
using fixed amplitude loads at a frequency of 1 Hz. Furthermore, the first
100 s of the time-history response is excluded to prevent the initial
conditions from influencing results.

Fig. 11(a) and (b) illustrate that the fatigue DEL of the tower base
fore-aft bending moment increases with the wind-wave misalignment
degree, whereas the side-to-side DEL exhibits an opposite trend. Espe-
cially, when the misalignment angle is higher than around 60°, under BC
controller without TMDI, the side-to-side DEL exceeds the figure for the
fore-aft direction. According to IEC 61400-6 (International Electro-
technical Commission, 2020), for tubular steel towers, the usage of the
dominant (normally fore-aft direction) bending moment can be
considered sufficient for the fatigue verification but under wind-wave
misalignment conditions, tower side-to-side bending moments are too
high to be ignored. This might be the reason why wind-wave misalign-
ment must be considered in fatigue design load cases in IEC 61400-1
(International Electrotechnical Commission, 2019). This implies that
mitigating the tower side-to-side response is equally crucial as reducing
the tower fore-aft response under conditions of wind-wave
misalignment.

Fig. 11 (a) and (b) also show that IPC can greatly mitigate tower fore-
aft DEL under all wind-wave misalignment conditions. Apart from this,
it slightly reduces tower side-to-side DEL under wind-wave alignment
and small misalignment angles (0°-60°) but performs even worse than
BC in strong misalignment conditions (75°, 90°). This suggests that IPC
could be utilized to mitigate the fore-aft DEL but should not be
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considered to mitigate the side-to-side DEL, which is exactly the design
target of IPC in this study. In contrast to IPC, it is observed that TMDI
doesn’t work in mitigating the tower fore-aft DEL but performs quite
well in suppressing the side-to-side DEL. This is quite understandable
because the TMDI is mounted in side-to-side direction. Hence, the
cooperative control strategy combines the best of both IPC and TMDI,
therefore mitigating fore-aft as well as side-to-side bending moment
DELs.

Besides, it is visible from Fig. 11 (c¢) and (d) that the blade out-of-
plane and in-plane DELs remain unchanged in a variety of wind-wave
misalignment degrees. IPC can greatly alleviate out-of-plane DEL and
slightly mitigate in-plane DEL, but TMDI doesn’t work in both terms, so
the cooperative control strategy inherits the strength of IPC and per-
forms the same as that. Given that wind-wave misalignment and TMDI
barely impact the blade DELs, the subsequent study focuses on the
impact of the cooperative control method on the tower response under
wind-wave misalignment.

Cycle loading-related fatigue damage frequently begins at the sur-
face and gradually progresses to failure. It could happen even if the
stresses are less than the material’s yield strength. Given that the tower
bending moments in both directions contribute to the axial stress as Eq.
(30), stress-based fatigue damage assessment is essential for FOWT
towers. Fig. 10 shows the bending moments acting on the tower, where
the axial stresses of different positions on the tower cross-section can be
calculated as follows:
F,  Mex. My

O, = ——

A, L

(30)

Similar to the fatigue DEL, the fatigue damage-equivalent stresses
(DESs) of different positions on the tower cross-section can be obtained
as follows (Hayman, 2012):

m 1/m
DESST — Zi(niai) 31)
(Bt

where ¢; is the stress range and other parameters are the same as those in
Eq. (29).

Fig. 12 shows the DES distribution in the whole tower base cross-
section, from which it is clearly visible that the cooperative control
strategy can minimize the DES in almost the whole tower cross-section
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Fig. 12. Fatigue DES distribution of FOWT tower base subjected to various
wind-wave misalignments. (a) Aligned. (b) 30° misalignment. (c) 60°
misalignment. (d) 90° misalignment.

and all wind-wave misalignment conditions. The fatigue DESs in the
critical position, where the DES is the maximum value among the entire
cross-section, are further shown in Fig. 13. Similar to the trends of tower
fore-aft and side-to-side DELs, the fatigue DES for IPC grows with the rise
of wind-wave misalignment degree, while the figure for TMDI drops as
the misalignment angle increases. The fatigue DES under the coopera-
tive control strategy is always almost the same, staying at the minimum.
Additionally, the critical position under all control strategies drifts when
the wind-wave misalignment angle rises, which provides a reference for
the maintenance of the FOWT tower.

Fig. 14 compares the mean power and error RMS of FOWT under four
control strategies. There is no difference between various wind-wave
loadings, which indicates the stability of controllers in power regula-
tion under complex wind-wave misalignment conditions. The mean
power under IPC is a little bit lower than that for BC, but the former’s
error RMS is much lower than the latter, showing better power regula-
tion and higher power quality. TMDI has no influence on the power
regulation of IPC, so the cooperative control strategy inherits those
benefits from IPC.

4. Fatigue life estimation based on site-specific conditions

The fatigue analysis of the FOWT tower considers site-specific con-
ditions, with the Xiangshan wind farm in China’s East China Sea, as
shown in Fig. 15 (a), located 25 km offshore, serving as a representative
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Fig. 13. DES in critical position (a) Value. (b) Critical Position.
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wind-wave misalignment case. Fig. 15. (b) and Table 2 display the load
conditions for this offshore wind farm.

The fatigue life of the FOWT tower is predicted using the rainflow
algorithm (Downing and Socie, 1982), and the double-slope S-N curve
from DNV-0S-J101 (DNV-0S-J101, 2014) is used to predict the cycle
number for the tower material based on the stress range that is deter-
mined from the time history response, as follows:

k
log,, N = log,, a — mlog,, (Aa (ti) ) (32)
ref

where N represents the cycle count; Ao represents the stress range; m is
the negative inverse slope of S-N curve; log,, a is the intercept of mean
S-N curve with the log N axis; t and t,,; are the component thickness and
reference thickness, respectively, and if t < trf, t/tf = 1; k is the
thickness exponent. Table 3 lists the values for these parameters.

The damage accumulation is evaluated using Miner’s rule (Miner,
2021). The short-term damage rate from the jth time-history stress is
calculated as follows:

DST

DRST — I 33
R = (33)
r_ N\ i

;T LN, (€D)]

where Tj is the elapsed time of time-series j; nj; is the cycle count; Nj; is
the allowable cycle number. The lifetime short-term damage-rate can be
predicted considering the load probability, as presented in Table 2.
Therefore, the lifetime short-term damage-rate is:

D = fiD (35)

J

and the predicted fatigue life is:
Ly = 1/D (36)

Figs. 16 and 17 show the shore-term damage rate of the FOWT tower.
The cooperative control strategy can always realize a low damage rate in
almost all cases. Although IPC can reduce the damage rate in wind-wave
alignment and weak wind-wave misalignment conditions, it performs
terribly in strong wind-wave misalignment situations since it cannot
regulate tower side-to-side vibration which takes up a considerable
percentage in fatigue stress contribution under strong wind-wave
misalignment situations.

The final estimated fatigue life of the FOWT tower is shown in Fig. 18
and Table 4, from which the fatigue life under IPC is the same as that for
the cooperative control strategy in wind-wave alignment and 15° wind-
wave misalignment conditions, but it decreases with the rise of the wind-
wave misalignment degree. In strong wind-wave misalignment condi-
tions, IPC performs even worse than BC. With the assistance of TMDI, the
cooperative control strategy enables high fatigue life for the FOWT
tower in all wind-wave misalignment conditions. In strong wind-wave
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Fig. 15. The location and load conditions of Xiangshan wind farm (Wang et al., 2024; Chen et al., 2024).

Table 2
Load cases in Xiangshan offshore wind farm [ (Wang et al., 2024), (Chen et al.,
2024)].

Load Wind speed  Significant wave Wave Occurrence

case V (m/s) height H (m) period T, probability Py (%)
(m)
1 4 0.37 4.00 14.025
2 6 0.44 4.70 19.220
3 8 0.62 4.70 18.142
4 10 0.84 5.10 14.014
5 12 1.13 5.60 10.335
6 14 1.53 6.10 7.542
7 16 2.03 6.70 5.178
8 18 2.41 7.30 3.634
9 20 2.86 7.90 1.917
10 22 3.33 8.60 0.857
11 24 3.41 7.90 0.301
Table 3
S-N curves parameters.
N < 107 m N> 107 my k t tref
Ac > 52.63 Ac < 52.63
log, a1 log;oaz
12.164 3 15.606 5 0.2 0.027 0.032

misalignment conditions, the estimated fatigue life for the cooperative
control strategy is several times those for other three control methods.

5. Conclusion and discussion

This study proposes a cooperative control strategy combining IPC
with TMDI to mitigate FOWT tower fatigue under wind-wave
misalignment. A 22-DOF nonlinear FOWT model is developed, incor-
porating IPC with an LQ-integral controller and a TMDI. The cooperative
strategy is evaluated against three alternatives under steady wind, no-
wave, and wind-wave misalignment conditions. Blade and tower DELs,
tower DESs, mean power, and error RMS are analyzed for performance
assessment. Finally, the tower’s fatigue life is estimated using site-
specific loading and damage accumulation theory. Key conclusions are
presented.

(1) The side-to-side TMDI at the tower top only reduces the tower
side-to-side response, having little impact on other responses.
Besides, IPC can reduce the 1P oscillations of the blades, and it
mitigates tower fore-aft response mostly by regulating the plat-
form pitch motion. Hence, the cooperative control strategy not
only can utilize IPC to reduce blade loads but also can further
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Fig. 16. Shore-term damage rate not considering the probability of load
occurrence. (a) Aligned. (b) 15° misaligned. (c¢) 30° misaligned. (d) 45° mis-
aligned. (e) 60° misaligned. (f) 75° misaligned. (g) 90° misaligned.

mitigate the tower structural response through the combination

of the IPC and TMDI.
(2) With the rise of the wind-wave misalignment degree, the tower
fore-aft bending moment fatigue DEL declines but the side-to-side
DEL grows, and the blade DEL stays constant. Hence, it is
essential to suppress the tower side-to-side response under wind-
wave misaligned loads. Under these conditions, the cooperative
control strategy proves to be more effective in mitigating the
tower response compared to the individual application of either
IPC or TMDI, minimizing the DES at almost all points in the tower
section, including the critical position.
Using the Xiangshan offshore wind farm’s loading conditions, the
cooperative control strategy reduces tower fatigue in most cases,
particularly under strong wind-wave misalignment. The FOWT
tower’s fatigue life exceeds 10 years in all wind-wave mis-
alignments and is at least four times longer than with the BC.

3

-

In civil engineering, inertial devices are usually implemented by ball
screws and gear racks, which make the practical TMDI complex.
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Fig. 18. Predicted fatigue life of FOWT tower.

Table 4
Expected fatigue life.
0° 15° 30° 45° 60° 75° 90°
Fatigue life ~ BC 2.5 2.6 2.8 3.0 2.7 2.3 2.2
(years) IPC 11.9 12.4 8.1 3.9 2.4 1.8 1.7
BC + 2.6 2.7 2.9 3.3 3.9 4.7 5.0
TMDI
IPC + 11.9 124 134 150 17.1 1834 176
TMDI

Precision components in TMDI may need maintenance during long-term
operation, which places higher requirements on reliability design. In
addition, the nacelle space is limited and there is the need for the
drivetrain, the generator, the control system and other equipment
installation, which affects the TMDI stroke. These factors will make it
hard for the TMDI to achieve the ideal control effect.

In addition, some assumptions are made in the dynamic simulation
and controller design, such as the modal truncation assumption: flexible
components such as towers and blades are modeled by finite mode
expansion; small angle approximation: the coordinate transformation of

10

each component uses a small angle linear approximation to calculate the
rotation matrix; simplified aerodynamic modeling: the BEM method is
used, combined with the wind field generated by TurbSim, which does
not include dynamic stall or three-dimensional unsteady effects;
simplified hydrodynamic model: the Morison’s equation with Strip
Theory is used to estimate the hydrodynamic force, considering only
viscous resistance and added mass; simplified TMDI modeling: in the
TMDI parameter optimization stage, a 2-degree-of-freedom equivalent
simplified model is introduced. These assumptions are introduced to
simply and quickly perform dynamic analysis and control performance
evaluation, but they will affect the analysis accuracy to a certain extent.
But overall, these assumptions are commonly used and will not
completely overturn the analysis results.
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Appendix
Table. Al
DOFs considered in the FOWT model
gs, Platform surge
gs, Platform sway
qu, Platform heave
qr Platform roll
qp Platform pitch
qy Platform yaw
qrrat First tower fore-aft bending mode
qrra2 Second tower fore-aft bending mode
qrss1 First tower side-to-side bending mode
qrss2 Second tower side-to-side bending mode
Qyaw Nacelle yaw
qGeAz Generator azimuth angle
qor1r Drive-train torsional flexibility
qBr First flapwise bending mode for ith blade
qBF2 Second flapwise bending mode for ith blade
qBE1 First edgewise bending mode for ith blade
a TMDI
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