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Significant structural responses pose potential hazards to the safe operation of

floating offshore wind turbines (FOWTs). To effectively mitigate the motion of

FOWTs using conventional passive vibration control methods such as tuned

mass damper (TMD) and multiple tuned mass damper (MTMD), an optimization

method for TMD and MTMD in a barge-type FOWT is proposed in this study. A

simplified dynamic model of a barge FOWT with MTMD, which includes the

tower first bending and floating platform degrees of freedom (DOFs), in

addition to the simplified DOF of the MTMD, is derived. The corresponding

fully coupled numerical model is established using the updated simulation tool

FAST-SC. Subsequently, the unknown parameters and accuracy of the

simplified dynamic model are validated via comparison with the results of the

coupled numerical model. Moreover, an optimization method is proposed

based on the simplified dynamic model considering the prominent coupling

effects of FOWT and computational expense, and the GA algorithm is used for

TMD and MTMD optimization. Furthermore, the effectiveness of the optimized

TMDs and MTMD is evaluated based on the reduction in the coupled responses

of the barge FOWT under the selected environmental conditions. Compared

with the optimized TMD in the nacelle, the optimized TMD in the platform and

MTMD are proven to be more feasible for vibration mitigation under complex

environmental loads. Moreover, an improved steady output is obtained using

the optimized vibration control methods, in addition to the excellent mitigation

effects on structural responses.
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1 Introduction

As a type of renewable energy source with extremely

promising exploitation prospects, offshore wind energy has

developed rapidly in recent years (Willis et al., 2018); the

increased installed global capacity reached 21.1 GW in 2021,

and it will most likely exceed 550 GW in the next five years, as

predicted by the Global Wind Energy Council (Lee and Zhao,

2022). Compared with onshore wind energy, offshore wind

energy offers advantages such as higher and steadier inflow

winds, less noise pollution, and lower utilization of land

resources (Balog et al., 2016). Generally, bottom-fixed

foundations of monopile, multi-piles, and jackets are applied

in offshore wind farms constructed at water depths less than

50.0 m (Manzano-Agugliaro et al., 2020). From an economic

perspective, floating foundations should be selected beforehand

when the water depth exceeds 50.0 m (Snyder and Kaiser, 2009).

Compared with bottom-fixed foundations, floating foundations

are affected by greater environmental loads, and complicated

dynamic responses have become the primary bottleneck limiting

the development and application of floating offshore wind

turbines (FOWTs) (Butterfield et al., 2007). Therefore, effective

suppression of the structural vibrations of FOWT under random

wind and wave loads is a key challenge in the development of

floating offshore wind farms.

Existing approaches for the load mitigation of FOWTs can

be categorized into active mechanical control and passive

structural vibration reduction methods. In relation to the

former approach, Larsen (Larsen and Hanson, 2007) suggested

that the first natural frequency of the local pitch controller must

be less than the fundamental frequency of the related OWT

support system to alleviate the negative damping effects of the

pitch controller on FOWT motions. An improved collective

pitch control strategy (CPC) comprising a tower-top feedback

loop, active pitch-to-stall regulation, and detuned controller

gains was proposed by Jonkman (2008), and the improved

structural responses of a barge FOWT were examined.

Furthermore, increased blade root fatigue loads and fluctuating

output also represent important problems. As a prominent

characteristic of FOWTs, substantial asymmetric aerodynamic

loads impair the control effects of the servo system and the

stability of the integrated structure (Njiri and Soeffker, 2016);

therefore, Namik (Namik and Stol, 2011) and Mohammadi

(Mohammadi et al., 2018) developed an independent pitch

control strategy (IPC) to compensate for such deficiencies. The

coupling effects between the environmental loads, blade pitch

control system and FOWT structural motions have been proven

in the studies of Bredmoseh (Bredmose et al., 2017) and Goupee

(Goupee et al., 2017); therefore, a multi-signal input and output

system for blade pitch control regulations in FOWTs was

recommended by Racch (Raach et al., 2014) and Wakui

(Wakui et al., 2017) to balance the steady generator output

and floating support system motions. Although various
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improved mechanical control strategies have been proposed to

enhance the performance of FOWTs, the increased fatigue loads

of rotor blades and the use of mechanical controllers,

particularly for more complicated mechanical systems, have

not been adequately investigated. Moreover, the positive effects

of mechanical systems are limited under extreme winds and

waves because such cases are beyond the regulation capacities of

FOWT servo systems. Therefore, additional passive structural

vibration control methods are applied to mitigate the FOWT

responses under complex environmental conditions.

Murtagh et al. (Murtagh et al., 2008) applied a tuned mass

damper (TMD) installed on the tower top of a wind turbine and

investigated the effect on vibration mitigation. Colwell et al.

(Colwell and Basu, 2009) implemented a tuned liquid column

damper (TLCD) in the fixed-bottom OWT, Zhang (Zhang et al.,

2014) Chen (Chen and Georgakis, 2013), and Li (Li et al., 2012)

et al. applied a ball vibration absorber to a fixed-bottom OWT to

control the structural response under loads such as seismic, wind

and waves, it can be concluded that a ball vibration absorber

could significantly reduce the structural response of OWT under

the above loads. Chen (Chen et al., 2015) and Buckley (Buckley

et al., 2018) applied the TLCD to the simplified OWT

experiment and numerical model by experimental and

numerical methods respectively and discussed the applicability

of TLCD.

In the aforementioned studies, the parameters of TMD and

TLCD were determined using the proposed empirical formulas

in civil engineering, and the coupling effects of OWTs were

neglected in the structural vibration control method design. The

interactions among the environmental loads, rotor nacelle

assembly (RNA), and support systems are significant for

OWTs, particularly for FOWTs. Hence, the influence of such

coupling effects on the vibration control method design requires

further examination. If fully coupled analysis models are directly

applied to the design, the computational expense will be

prohibitively high. Therefore, to coordinate the simulation

accuracy and efficiency, Stewart et al. (Stewart, 2012; Stewart

and Lackner, 2013) established a 3-DOFs simplified dynamic

model for a different type of FOWTs based on the Lagrange

equation for optimizing the TMD parameters by surface plot

method and genetic algorithm. Based on the same approach, He

et al. [25 and Yang (Yang et al., 2019) studied the vibration

suppression effect of barge-type with optimized single nacelle

TMD and single platform TMD, respectively. Si et al. (Si et al.,

2014a; Si et al., 2014b) established a 5-DOFs simplified dynamic

model to simulate the spar-type FOWT with a TMD installed in

the nacelle or platform respectively based on the D’Alembert’s

principle, the TMD parameters were optimized by empirical

formulas, surface plot and genetic algorithm. Li et al. (2017)

established a 4-DOFs simplified dynamic model to simulate the

semi-submersible FOWT with a TMD installed in the nacelle

based on the D’Alembert’s principle, and the surface plot and

genetic algorithm were used to optimize the TMD parameter. –
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modeled a multi-body dynamic model of spar-type FOWT by

SIMPACK and an improved artificial fish swarm algorithm was

used for TMD parameters optimization. Park et al. (2020) added

a TLCD control program based on FAST v8 and investigated

multi-objective optimization for the TLP FOWT with

orthogonal TLCDs based on the developed program.

However, these researches on vibration mitigation of

FOWT have studied the effect of TMD installed in either the

nacelle or the platform of FOWTs, which didn’t consider the

case that the TMD installed in the nacelle and platform

simultaneously. Jin et al. (2018) considered the effect of

TMDs simultaneously in the nacelle and platform of barge-

type FOWT by SIMPACK, a 5-DOF simplified dynamic model

for TMDs parameters optimization was established, however,

according to the reference (Namik and Stol, 2011), the surge

motion almost has no impact on the dynamic response for the

barge-type FOWT, therefore, a more reasonable simplified

model should be established to simplify the TMD parameters

optimization. Yang (Yang and He, 2020) established an aero-

hydro-servo-structure-TMDs couple kinetics model to

consider the effect of TMDs simultaneously in the nacelle

and platform of spar-type FOWT, but the hydrodynamic

loads are calculated by the Morrison equation, which makes

the model unsuitable for barge-type FOWT. Therefore, the

more accurate and direct approach is to modify the simulator

tool FAST-SC so that it can simulate the TMD installed in the

nacelle and the platform simultaneously in time domain

simulation, and a more reasonable simplified model should

be established for TMDs parameters optimization of barge-

type FOWT.

The main contributions of this paper compared with the

existing results are summarized as:
Fron
1. The simulation tool FAST-SC is developed to be capable

of simultaneously accounting for nacelle TMD and

platform TMD in fully coupled analysis.

2. The simplified dynamic model is derived and

established using the Lagrange equation to optimize

TMD parameters for nacelle TMD and platform TMD.

3. Mitigation effects of the optimized TMDs are evaluated

based on the reduced dynamic responses of the barge

FOWT under the typical winds and waves.
These observations suggest that the FOWT coupling effects

should be considered in the vibration control method design to

guarantee the applicability of the proposed vibration control

method. To reduce the computational cost, a simplified coupled

numerical model of FOWT is proposed for design optimization,

and the identified master DOFs are sensitive to the type of

floating platform. Moreover, owing to its significant influence on

the optimized parameters, the master DOFs of the simplified

model should be carefully selected. The optimization models for

TMD in typical FOWTs have been established in previous
tiers in Marine Science 03
studies, whereas models for the multiple tuned mass damper

(MTMD) require further investigation. To address this

deficiency, a simplified coupled model of a barge FOWT with

MTMD is established in this study, and an artificial intelligence-

based algorithm is employed in the MTMD optimization. The

remainder of this paper is organized as follows. The basic

parameters and dynamic characteristics of the barge FOWT

are introduced in Section 2, and the derivations of the simplified

coupled model of the barge FOWT with MTMD based on

multibody dynamics theory are systematically illustrated in

Section 3. The updated simulation tool, FAST-SC, is also

discussed in this section. The estimation and evaluation of

unknown parameters and simulation accuracy of the

simplified coupled model via comparison with the fully

coupled model in the updated FAST-SC are discussed in the

subsequent section. Furthermore, using a genetic algorithm

(GA), the optimization of TMDs and MTMDs in the barge

FOWT performed based on the simplified coupled model is

described in Section 5. In Section 6, based on the mitigation

effects on the essential structural responses and operation

parameters of the fully coupled model, the efficacy of the

optimized TMDs and MTMD is evaluated, and the key

conclusions and scope for future work are summarized in

Section 7.
2 NREL 5MW turbine and
barge platform

A three-bladed and upwind NREL 5 MW baseline WT was

utilized in the study, and a barge-type floating structure

proposed by National Renewable Energy Laboratory (NREL)

(Jonkman, 2008) was selected as the supporting platform. A

schematic of the barge FOWT is presented in Figure 1, and the

related basic parameters are listed in Table 1. More details

regarding the NREL-5 MW baseline and barge platform are

introduced in (Jonkman, 2008; Jonkman et al., 2009). The

natural frequencies of the main DOFs are listed in Table 2

(Jonkman, 2008).
3 Dynamic modeling and
simulation tool

3.1 Simplified dynamic model

To alleviate the structural motions of the barge FOWT in the

fore-aft (F-A) direction, this study proposes a multiple tuned

mass damper (MTMD) configuration, and the nacelle and

platform are designated as potential MTMD locations, such as

the local TMDs 1 and 2 marked in Figure 2. As introduced in the

previous section, in addition to the empirical formulas, the
frontiersin.org

https://doi.org/10.3389/fmars.2022.994848
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Wang et al. 10.3389/fmars.2022.994848
simplified dynamic model with limited DOFs is generalized for

application in the design of TMD for FOWTs. Therefore, in this

study, a simplified dynamic model of a barge FOWT with an

MTMD was established to optimize the MTMD.
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Based on the remarkable coupling effects between the tower

bending and barge platform pitch motions, the tower-first

bending mode and floating-platform pitch DOFs are identified

as the master DOFs of the barge FOWT. The local damper of the

MTMD is simplified as an SDOF with constant stiffness and

damping along the designated direction. Hence, the barge

FOWT with the MTMD mounted in the nacelle and platform

is simplified as an equivalent dynamic system with four DOFs.

To derive the governing equation of motion for the simplified

dynamic system, the following assumptions were adopted in

the derivation.

(1) The barge FOWT is simplified as a multi-body dynamic

system, the barge platform, tower, and MTMD are modeled as

rigid bodies, and the rotor nacelle assembly is simplified as a

lumped mass with respect to the tower top (Stewart and Lackner,

2013). The tower flexibilities were considered by introducing a

linear constant hinged bearing at the tower base, as shown in Fig.

2. The spring and damping of the hinged bearing are consistent

with those of the tower-first bending mode.

(2) As indicated in the figure, the global coordinate system

(X, Y, Z) was defined, and the global X-axis was parallel to the

fore-aft direction of the FOWT. The Z-axis was defined along

the centerline of the tower and platform, and the positive

direction of the global Y-axis was identified using the right-

hand rule. The origin of the global coordinate system is located

at the interaction between the mean sea level (MSL) and Z-axis.

(3) By neglecting the rotation effects, the local damper is

simplified as a single DOF in the designated direction, which

consists of a constant mass, spring, and damping elements.

(4) The local dampers mounted in the nacelle and platform

comprise an MTMD, and the coordinates of and in the global

coordinate system represent the positions of the MTMD local

dampers in the nacelle and platform, respectively.

(5) The influence of tower flexibilities and platform pitch

DOF is considered in the optimization of the MTMD for barge

FOWT using a simplified dynamic model. The effectiveness of

the optimized MTMD shall be evaluated in the subsequent fully

coupled analysis of the FOWT under winds and waves in the

updated FAST-SC.

Based on this assumption, the governing equation of motion

for the simplified dynamic system for barge-type FOWT can be

derived using the Lagrange equation, which can be expressed in
TABLE 1 Basic parameters of the barge FOWT.

Item Value

Rating 5 MW

Rotor orientation, configuration Upwind, 3 blades

Rotor diameter 126 m

Hub-height 90 m

Cut-in, Rated, Cut-out wind speed 3 m/s, 11.4 m/s, 25
m/s

Cut-in, Rated rotor speed 6.9 rpm, 12.1 rpm

Rated tip speed 80 m/s

Rotor mass 110,000 kg

Nacelle mass 240,000 kg

Tower mass 347,460 kg

Platform mass (including Ballast) 5,452,000 kg

Distance between the reference point and tower 64.20 m

Distance from the reference point to the platform mass
center

0.281 m

Nacelle Dimensions 18 m × 6 m × 6 m

Platform Dimensions 40 m × 40 m × 10 m

Anchor (Water Depth) 150 m

Unstretched Line Length 473.3 m

Line Extensional Stiffness 589,000,000 N
FIGURE 1

Schematic of the barge FOWT [8].
TABLE 2 Natural frequencies of barge-type FOWT (Jonkman, 2008).

Mode Natural Frequency (Hz)

Platform surge 0.0076

Platform heave 0.1283

Platform pitch 0.0849

First tower F-A 0.5282

Second tower F-A 2.9760
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Eq. (1). and the generalized coordinates defined in Eq. (2).

dt
d

∂ L
∂ _qi

� �
− ∂ L

∂ qi
= Qi(i = 1, 2,…, n)

L = T − V

8<
: (1)

q = qt , qp, xtmdn, xtmdp

� �
(2)

where T and V denote the total kinetic and potential energies of

the system, respectively, L indicates the Lagrange operator, and

qi symbolizes the generalized coordinate of the system defined in

Eq. (2); qi is the generalized velocity of the system; Qi

corresponds to the generalized non-potential force of the

system; q signifies the angular displacement with respect to the

global Z-axis; x represents the horizontal displacement of

the TMD along the global X-axis; and the subscripts t, p,

tmdn, and tmdp refer to the tower, platform, and TMD in the

nacelle and platform, respectively.

The total kinetic energy T and potential V can be expressed

in Eq. (3) and the generalized damping forceQi of the system can

be expressed in Eq. (4).

T =
1
2
It _q2

t +
1
2
Ip _q2

p +
1
2
mtmdn _x

2
tmdn +

1
2
mtmdp _x

2
tmdp

V =
1
2
kt(qt − qp)

2 +
1
2
ktmdn(Rtmdn sin qt − xtmdn)

2

+
1
2
ktmdp(Rtmdp sin qp − xtmdp)

2 +
1
2
kpq

2
p

+ mtgRt cos qt −mpgRp cos qp +mtmdng(Rtmdn cos qt

+ (Rtmdn sin qt − xtmdn) tan qt) −mtmdpg(Rtmdp cos qp

+ (xtmdp − Rtmdp sin qp) tan qp)

8>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>:

(3)
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Qqt = −dt( _qt − _qp) − dtmdnRtmdn cos qt(Rtmdn
_qt cos _qt − _xtmdn)

Qqp = −dp _qp + dt( _qt − _qp) − dtmdpRtmdp cos qp(Rtmdp
_qp cos _qp − _xtmdp)

Qxtmdn
= −dtmdn( _xtmdn − Rtmdn

_qt cos _qt)

Qxtmdp
= −dtmdp( _xtmdp − Rtmdp

_qp cos _qp)

8>>>>>><
>>>>>>:

(4)

where m indicates the mass of each component of the simplified

dynamic system, such as the tower, platform, and TMDs; I

indicates the moment of inertia about the mass center of each

component, and k symbolizes the equivalent spring stiffness; R

indicates the distance between the mass center of each component

and the hinged bearing; d denotes the equivalent damping.

Substituting Eqs. (2), (3) and (4) into Eq. (1), Considering

the maximum pitch angle of a FOWT does not exceed 10° under

the service and ultimate limit states, the small-angle

approximation is introduced in this study. e.g., sinq≈q and

cosq≈1, thus, the final governing equation of motion for

barge-type FOWT with MTMD can be expressed in Eq. (5).

It€qt = −dt( _qt − _qp) − kt(qt − qp) +mtgRtqt + ktmdnRtmdn(xtmdn − Rtmdnqt)

         −mtmdng(Rtmdnqt − xtmdn) + dtmdnRtmdn( _xtmdn − Rtmdn
_qt)

Ip€qp = kt(qt − qp) − kpqp −mpgRpqp + dt( _qt − _qp) − dp _qp
            + ktmdpRtmdp(xtmdp − Rtmdpqp) +mtmdpg(Rtmdpqp − xtmdp)

           + dtmdpRtmdp( _xtmdp − Rtmdp
_qp)

mtmdn€xtmdn = −ktmdn(xtmdn − Rtmdnqt) +mtmdngqt − dtmdn( _xtmdn − Rtmdn
_qt)

mtmdp€xtmdp = −ktmdp(xtmdp − Rtmdpqp) +mtmdpgqp − dtmdp( _xtmdp − Rtmdp
_qp)

8>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>:

(5)

In addition, the allowable strokes of the damper in the

nacelle and platform should be constrained because of the
FIGURE 2

Simplified dynamic model of barge FOWT with MTMD in nacelle and platform.
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limited space in the nacelle and barge platform. According to the

dimensions of the barge FOWT listed in Table 1, the allowable

stroke ranges of the damper in the nacelle and platform are

designated as ± 8 m and ± 18 m, respectively. As defined in Eq.

(11), an additional baking force Fstop is applied if the

displacement of the local damper reaches the limits of the

allowable stroke range.

Fstop =

0,                                            xj j < L

−Kstop · Dx,                          (x ≥ L∧ _x ≤ 0)∨ (x ≤ L∧ _x ≥ 0)

−Kstop · Dx − Dstop · _x,       (x ≥ L∧ _x > 0)∨ (x ≤ L∧ _x < 0)

8>><
>>:

(6)

Here, L indicates the maximum allowable stroke length; Kstop

and Dstop denote the designated breaking stiffness and damping,

and the related values are 5×105 N/m and 5×105 N·s/m,

respectively; and Dx indicates the distance that the TMD

traveled beyond the allowable stroke length.
3.2 Description of updated FAST-SC

A fully coupled analysis model of a barge FOWT with an

MTMD was established in the updated FAST-SC to evaluate the

mitigation effects of the optimized MTMD. The remarkable

differences with the simplified dynamic model in Section 3.1

are that the flexibilities of the rotor nacelle assembly (RNA) and

floating platform additional DOFs are considered in the fully

coupled model, and wind and wave loads are applied. The

following theoretical modifications were adopted to establish a

fully coupled model in the updated FAST-SC.
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For the MTMDmounted in the FOWT, the local dampers in

the nacelle and platform can be expressed using Eqs. (8) and (9)

based on the coupled analysis theories of FAST.

€xtmdn = −€xn − wn � (wn � xtmdn) − an � xtmdn − 2wn

� _xtmdn − Ftmdn=mtmdn (7)

€xtmdp = −€xp − wp � (wp � xtmdp) − 2wp � _xtmdp

− Ftmdp=mtmdp (8)

where €xtmdn and €xtmdp indicate the accelerations of the local

damper in the nacelle and platform, respectively; wn and an

denote the FOWT nodal translational and rotation angular

velocities at the nacelle; wp and ap represent the nodal

translational and rotation angular velocities of the floating

platform, mtmdn and mtmdp are the mass of the local damper in

the nacelle and platform, respectively; Ftmdn and Ftmdp indicate

the resultant forces of the local damper in the nacelle and

platform, respectively, which can be expressed as

Ftmdn = −ktmdnxtmdn − dtmdn _xtmdn (9)

Ftmdp = −ktmdpxtmdp − dtmdp _xtmdp (10)

where ktmdn and ktmdp denote the stiffness of the local damper in

the nacelle and platform, dtmdn and is the damping of each

local damper.

According to the derived governing equations of motion of

the MTMD in the FOWT, as expressed in Eqs. (8) – (11), the

original TMD module in the FAST-SC is updated, and

additional MTMD DOFs are required. Figure 3 shows a
FIGURE 3

Schematic of the fully coupled model of FOWT with MTMD in the updated FAST-SC.
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schematic of the established fully coupled model of the FOWT

with the MTMD in the updated FAST-SC.
4 Parameter identification

For the simplified dynamic model in Section 3.1, the mass

parameters of mt and mp , and parameters of Rt and Rp can be

directly obtained according to the barge OWT parameters listed

in Table 1. Meanwhile, the remaining parameters that require

further estimation are defined as unknown parameters, such as

the equivalent stiffness, damping, and inertia of the tower and

platform.

U = ½Ip kp dp It  kt  dt � (11)

The initial estimated values listed in Table 3 were assigned to

identify the unknown parameters, and the Levenberg-

Marquardt (LM) algorithm (More, 1978) was applied to

minimize the sum of squared errors (SSE) of the structural

motions between the derived simplified model and the coupled

aero-servo-hydro model in the updated FAST-SC under free

decayed pitch motions. The SSE between the outputs of the

simplified and coupled models in the updated FAST-SC is
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defined by Eq. (13).

SSE(U) = 1
2o

m

j=1
o
n

i=1
wj½yi(ti) − fi(ti, P2)�2

          ¼ 1
2o

n

i=1
½Y(ti) − F(ti, P2)�TW½Y(ti) − F(ti, P2)�

(12)

where m represents the number of outputs, n represents the

simulation length, yi(ti) represents the jth output of the updated

FAST-SC at the time ti , while fi(ti,P2) represents the jth output of

the simplified model with parameter vector P2 at a time ti , Y(ti)

and F(ti,P2) represent the related vector notations, and W
represents the diagonal weight matrix for normalization.

An initial platform pitch angle of 5° was applied to the

simplified and updated model in the FAST-SC. For the latter

updated model, only the platform pitching and tower fore-aft

bending DOFs were activated to identify unknown parameters

in the simplified model. Following several trials and iterations

using the LM algorithm, the minimized SSE of the motions

between the simplified model and updated model in FAST-SC

was obtained, and the remaining unknown parameters were

identified, as summarized in Table 3. Meanwhile, using the

previous parameter identification method, good agreement is

obtained between the free decayed tower and platform motions

of the identified simplified and updated coupled model in FAST-

SC, as shown in Figure 4.

Subsequently, the MTMD DOFs in the simplified and

updated coupled model in FAST-SC are activated, and an

initial pitch angle of 10° is applied to verify the accuracy of the

identified unknown parameters. Comparisons between the

simplified model and updated coupled model in the FAST-SC

of a barge FOWT with MTMD were performed, as shown in

Figure 5. As indicated in the figure, the free decayed motions of

the simplified model coincided well with the outputs in the

updated FAST-SC, even though additional MTMD DOFs were

considered. Hence, the simulation accuracy of the simplified
TABLE 3 Initial estimated and identified values of the unknown
parameters.

Unknown parameter Initial estimations Identified values

Ip/(kg ▪m2) 2.00 × 109 4.42 × 109

kp/(N▪m▪rad-1) 1.50 × 109 4.47 × 109

dp/(N▪m▪(rad/s)-1) 5.00 × 107 1.34 × 108

It/(kg ▪m2) 2.50 × 109 1.07 × 1010

kt/(N▪m▪rad-1) 1.00 × 1010 3.31 × 1010

dt/(N▪m▪(rad/s)-1) 2.50 × 107 3.87 × 107
A B

FIGURE 4

Time domain and frequency domain free decay responses of 5° initial platform pitch angle without TMD obtained using the parameter
estimation model and updated FAST-SC model. (A) Platform pitch angle; (B) Tower-top displacement.
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dynamic model with the identified unknown parameters is

validated and applied in the following optimization of the

MTMD for barge FOWTs.
5 Optimization of MTMD for FOWT
by genetic algorithm

To ensure effective vibration mitigation of a barge FOWT

using an MTMD, the essential parameters of MTMD mass,

stiffness, and damping should be appropriately designed.

Typically, MTMD mass is determined from the perspectives of

cost and availability. In this study, the MTMD is assumed to

consist of two local TMD mounted on the nacelle and platform.

Based on the values recommended by (Stewart, 2012; Stewart

and Lackner, 2013; Si et al., 2014b), the mass ratio for each local

TMD was designated as approximately 3% with respect to the

mass of the upper RNA-tower structure and platform,

respectively. Subsequently, according to the barge floating

OWT mass parameters listed in Table 1, the mass of local

TMD in the nacelle and platform can be obtained, and the

values are 20,000 kg and 200,000 kg, respectively. In this work,

the location of the nacelle TMD is mounted at the rotor height of

the wind turbine. The location of the platform TMD is mounted

at the center of mass of the barge-type platform.

For the design of the MTMD stiffness and damping

parameters, the global optimization algorithm is an alternative

to the empirical formulas proposed by scholars. However, the

expensive time costs of using the optimization algorithm should

be considered if the complicated coupled numerical model of the

floating OWT is directly applied in the optimization. Therefore,

it was substituted by the derived simplified model of a barge

floating OWT with MTMD in the previous sections to ensure

optimization accuracy and computational efficiency in the

subsequent study.
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In this study, a genetic algorithm (GA) is selected as the

global optimization method to optimize the MTMD stiffness and

damping parameters. It is an evolution-inspired algorithm that

involves the mathematical representations of populations,

individual fitness, mutation, and even mating to search for an

optimum for a predefined problem. Based on the established

simplified dynamic model, an initial 5° platform pitch angle was

applied to implement TMD and MTMD parameter

optimization, and the STD of the tower top displacement was

defined as the fitness function. The probability of the roulette

wheel uniform crossover and mutation in the GA are designated

as 0.6 and 0.01, respectively. The individual population size was

set to 100 and the maximum generation was restricted to 50.

In the GA process, these parameters including nacelle TMD

stiffness ( ktmdn ) and damping ( dtmdn ) constants, the platform

TMD stiffness ( ktmdp ) and damping ( dtmdp ) constants can be

specified in one individual, GA stars by picking a population

randomly, when the initial population is created, the first step is

to check fitness value, which is defined as the standard deviation

of tower top displacement. Next, the algorithm saves the elite

and average fitness and goes on to the selection, crossover, and

mutation steps. The mutation step helps to maintain genetic

diversity in the population, then the process is repeated until the

optimal TMD/MTMD parameters are obtained.

The minimum standard deviation of the tower-top

displacement in the fore-aft direction can be selected as the

objective function:

Fobj = min J(ktmdn, dtmdn, ktmdp, dtmdp) =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
T

Z T

0
(xttd − �xttd)

2dt

s8<
:

9=
;
(13)

where T is the simulation time, xttd is the tower-top

displacement in the fore-aft direction, �xttd is the related

mean value.
A B

FIGURE 5

Time domain free decay responses of 10 deg initial platform pitch angle with MTMD between the parameter estimation model and updated
FAST-SC model. (A) Platform pitch angle; (B) Tower-top displacement.
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The boundary conditions can be defined as:

0 ≤ ktmdn ≤ 50000;      0 ≤ dtmdn ≤ 50000

0 ≤ ktmdp ≤ 200000;    0 ≤ dtmdp ≤ 200000

(
(14)

The optimization process of the TMD and MTMD using the

derived simplified dynamic model of the barge FOWT is

depicted in Figure 6. As indicated in the figure, the minimized

STD of the tower top displacement using the optimized TMD in

the nacelle (TMD-N) is obtained at the 9th generation, whereas

the fitness functions for the optimization of TMD in the

platform (TMD-P) and MTMD converge at the 3rd and 6th

generations, respectively. Compared with the mitigated STD of

tower top displacement using TMDs, more significant

reductions are observed using the optimized MTMD, as

illustrated in the figure. The optimized TMDs and MTMD are

listed in Table 4, and the optimized stiffness and damping of the

MTMD are different from those of the related optimized TMDs.

For example, the optimized stiffness and damping of the nacelle

TMD using the GA based on the simplified model are 6302 and
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1598, respectively, while the related optimized values are 7653

and 4013 for the MTMD.

The reduced free-decayed tower and platform motions

obtained using the optimized TMDs and MTMD are depicted

in Figure 7. According to the comparisons of the reduced tower

top displacement and platform pitch motion between the nacelle

and platform TMDs in Figures 7A, B, the latter is proven to be

more feasible. Meanwhile, as indicated in Figures 7C, D, both the

nacelle and platform TMDs effectively tuned the pitch frequency

of the barge FOWT, indicating that the tuning frequencies of the

optimized TMDs were approximately consistent with the pitch

frequency of the barge FOWT. Accordingly, it can be inferred

that the TMD with the tuned pitch frequency should be

mounted on the platform for the barge FOWT compared with

the nacelle.

Furthermore, the most effective reduction of the free decayed

motions was achieved using the optimized MTMD, as shown in

Figures 7A, B. Impressive mitigation in the frequency domain

using the MTMD is also observed, and the Fourier amplitudes of

the dominant pitch frequency of the tower top displacement and
FIGURE 6

Convergence curves of the fitness function for parameter optimization of different TMD configurations.
TABLE 4 TMD parameter optimization results.

TMD configuration Fitness (m) ktmdn (N/m) dtmdn [N/(m/s)] ktmdp (N/m) dtmdp [N/(m/s)]

TMD-N 0.4881 6302 1598 – –

TMD-P 0.3863 – – 53565 13839

MTMD 0.3735 7653 4013 52597 11911
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platform pitch motion exhibit a remarkable alleviation. It should

also be mentioned that although the first tower bending mode is

non-negligible for the tower top displacement, owing to the

prominent influence of the platform pitch mode on the tower

and platform motions, both the tuning frequencies of the

optimized MTMD local nacelle and platform dampers

coincide with the dominant platform pitch frequency.

The motions between the optimized TMDs and MTMD

were compared, as shown in Figures 7E, F. Owing to the

differences in the optimized stiffness and damping between the

MTMD and the related TMDs, and the considered coupling

effects between the reserved tower, platform, and TMDs DOFs in

the simplified dynamic model, the motions of the MTMD are

different from those of the related TMDs, especially for the local

one in the nacelle.
Frontiers in Marine Science 10
6 Simulation and analysis

6.1 Load case settings

To evaluate the effectiveness of the optimized TMDs and

MTMD using GA based on the simplified dynamic model, a

nonlinear fully coupled analysis of a barge FOWT with and

without optimized TMDs and MTMD was performed using the

updated simulation tool FAST-SC, and the typical load cases

were selected according to the offshore standard IEC-61400-3

(IEC [[NoYear]]), as tabulated in Table 5. In addition to the cut-

in, rated, and cut-out wind speeds, additional below-rated and

over-rated wind speeds are involved. The corresponding wave

heights were selected according to the proposed environmental

conditions in (He et al., 2017; Yang et al., 2019), and the wave
A B

D

E F

C

FIGURE 7

Comparison of free decay response between different optimal TMD configurations. (A) Tower-top displacement; (B) Platform pitch angle;
(C) FFT of Tower-top displacement; (D) FFT of Platform pitch angle; (E) TMD stokes of TMD in nacelle; (F) TMD stokes of TMD in platform.
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peak period was defined as 12.5 s. The Kaimal spectrum for IEC

Class B (Kaimal et al., 1972) was applied to synthesize the three-

dimensional (3D) turbulent wind fields in TurbSim (Jonkman,

2009), such as the synthesized 3D turbulent wind field with an

average speed of 18 m/s at the hub height as shown in Figure 8.

The histories of the irregular wave series were generated using

the JONSWAP spectrum in the HydroDyn module in FAST-SC.
6.2 Time domain and frequency domain
results analysis

In the fully coupled analysis of the barge FOWT under

stochastic winds and waves using the updated simulation tool

FAST-SC, the simulation length was 630 s, and the initial 30 s

were removed in subsequent data processing to eliminate the

initial transient effects. The integration step was designated as

0.0125 s to ensure aerodynamic and hydrodynamic simulation

accuracy. The related servo control strategies under the selected

load cases are deployed using the modified controller by

Jonkman (2008) for barge FOWTs, such as the variable speed

and blade pitch controller.

To investigate the load reductions of the barge FOWT using

the optimized TMDs and MTMD, the following evaluation

indicators are defined: the STD of the flapwise bending

moment RootMyc at the blade root, the tower base bending

moment in the F-A direction TwrBsMyt, and the platform pitch
Frontiers in Marine Science 11
angle PtfmPitch, in addition to the previously selected tower top

displacement. The defined suppression rate h in Eq. (15) is

applied to quantify the mitigation effects of the optimized TMDs

and MTMD. Meanwhile, the root mean square (RMS) and STD

of the output power were selected to evaluate the influence of the

applied vibration control strategies on the FOWT output under

load cases 3 – 5. Moreover, the local TMD displacements

between the optimized TMDs and the MTMD were compared.

h =
ss − st

ss
� 100% (15)

where ss and st denote the STDs of the evaluation indices of the

barge FOWT with and without passive vibration control

strategies, respectively.

Figure 9 illustrates the reduced histories of the barge OWT

using the optimized passive vibration control method, where the

tower and platform motions are effectively mitigated,

particularly using the optimized TMD-P and MTMD, as

depicted in Figures 9A–F. Moreover, the positive mitigation

effects of the designed TMDs andMTMD on the blade responses

are shown in Figures 9G, H.

The quantized mitigation effects on the STDs of the selected

evaluation indices using the optimized TMDs and the MTMD

are depicted in Figure 10. The maximum reduction of the tower

top displacement under the typical load cases using the

optimized TMD-N in the nacelle is approximately 8.5%.

Subsequently, the improved vibration control effects of the

optimized platform TMD-P were observed, and the maximum

reduction in the response reached 25.9%. It should also be

mentioned that the effectiveness of the optimized TMDs is

sensitive to the input environmental conditions. By comparing

with the other load cases, the minimum reductions are observed

under the combined case LC 3 of rated wind, for example, the

suppression rate using the platform TMD-P is approximately
TABLE 5 Combined wind and wave conditions.

Load case number 1 2 3 4 5

Wind speed (m/s) 4 8 12 18 24

Significant wave height (m) 1.7 2 2.6 4 5.6
FIGURE 8

Synthesized three-dimensional turbulent wind field with an average speed of 18 m/s at the hub height.
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7.5% under such a load case, as depicted in Figure 10A.

Furthermore, the superiority of the optimized MTMD can be

proven, and the reductions in the tower top displacement can

still exceed 12.8% even under the combined case LC3.

In addition to the comparable vibration control effects of the

optimized TMDs on the platform pitch motion under load case
Frontiers in Marine Science 12
3, the variations in the mitigated STD of the platform pitch

motion were approximately consistent with the alleviated tower

top displacement, as shown in Figure 10B. The most significant

reductions were achieved using the optimized MTMD, which

exceeded 23.36% under the combined case LC3. According to

Figure 10C, it is quite different from the limited reductions of
A B

D

E F

G H

C

FIGURE 9

Reduced histories of the barge FOWT under the typical winds and waves using the optimized TMDs and MTMD. (A) Histories of tower top
displacement under load case 2; (B) Histories of tower top displacement under load case 4; (C) Histories of tower base bending moment under
load case 2; (D) Histories of tower base bending moment under load case 4; (E) Histories of platform pitch motion under load case 2;
(F) Histories of platform pitch motion under load case 4; (G) Histories of flapwise bending moment at blade root under load case 2; (H) Histories
of flapwise bending moment at blade root under load case 4.
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TMD-N, the optimized TMD-P, and MTMD effectively mitigate

the tower base bending moment, particularly using the latter.

For example, the maximum reductions in the tower-base

bending moment under load cases 1 and 3 reached 36.33%

and 12.84%, respectively.

Although the optimized TMDs and MTMD were

implemented to alleviate the tower and barge platform

motions, the applicability was also evaluated based on the

reduction in the local blade responses, as shown in

Figure 10D. Compared to TMD-N and TMD-P, the optimized

MTMD can achieve the most significant reductions in the

flapwise bending moment at the blade root. For example, the

reductions in the flapwise bending moment at the blade root

under load cases 1 and 5 can reach 27.1% and 26.4%,

respectively. Therefore, the optimized TMDs and MTMD can

effectively mitigate the barge FOWT motions, and the responses

of the rotor blades can also be significantly alleviated using the

optimized TMDs and MTMD.

Furthermore, the power spectral densities (PSDs) of the

barge FOWT motions under the selected cases 2 and 4 are

illustrated in Figure 11. For a normal operation barge FOWT,

the barge platform pitch mode dominates the tower and floating

platform motions. For both the optimized TMDs and MTMD,

the optimized tuning frequencies were approximately consistent

with the dominant frequency component, as depicted in
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Figures 11A–F. Thus, the simulation accuracy of the proposed

simplified coupled model for the optimized design of TMDs and

MTMD in barge FOWTs can be validated to some extent. In

comparison with the optimized one in the nacelle, owing to the

larger mass and broader space in the platform, more effective

reductions in the frequency domain were achieved using the

TMD-P. Based on the positive mitigation effects of the optimized

TMD-N and TMD-P, the reductions in the PSDs were further

improved using the optimized MTMD comprising two local

dampers with a tuned platform pitch frequency and mounted in

the nacelle and platform, respectively.

In addition to the RNA rotational frequency, the influence of

barge pitch motion on the blade flapwise responses is observed,

particularly under load case 4. Therefore, the optimized TMDs and

MTMD with a tuned platform pitch frequency can effectively

alleviate the blade responses under the selected load cases, and

the MTMD is still proven to be the most effective, as shown in

Figures 11G, H. Based on the above comparisons, owing to the

significant influence of the platform pitch DOF on the barge FOWT

responses, the proposed optimization method automatically

designates this frequency as the tuning frequency of the TMD

and MTMD during the optimization process. Subsequently, the

superiority of the optimized TMDs and MTMD was validated

according to the reductions of the RNA, tower, and platform

responses in the time and frequency domains.
A B

DC

FIGURE 10

Suppression rates of TMD and MTMD on the standard deviation of evaluation indices. (A) Tower top displacement; (B) Platform pitch angle;
(C) Tower base bending moment; (D) Flapwise bending moment at the blade root.
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6.3 Impact on output powers

It is of great significance to ensure stability and efficiency of

the operation of barge-type FOWT. Figure 12 illustrates the

history of the generator output power of the barge FOWT with

different TMDs and MTMD above the rated wind speed. The
Frontiers in Marine Science 14
clear positive influence of the optimized TMDs and MTMD on

alleviating the output fluctuations can be observed, particularly

under load case 4. Owing to the additional structural vibration

control strategies, the rated power production was

approximately rated under such a load case. The potential

benefits of the applied TMDs and MTMD can also be proven
A B

D

E F

G H

C

FIGURE 11

Reduced PSDs of the barge FOWT motions under typical wind and wave conditions using the optimized TMDs and MTMD. (A) PSD of tower top
displacement under load case 2; (B) PSD of tower top displacement under load case 4; (C) PSD of tower base bending moment under load case
2; (D) PSD of tower base bending moment under load case 4; (E) PSD of platform pitch motion under load case 2; (F) PSD of platform pitch
motion under load case 4; (G) PSD of flapwise bending moment at blade root under load case 2; (H) PSD of flapwise bending moment at blade
root under load case 4.
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from the increased RMSs of the output power depicted in

Figure 13. As depicted in the figure, the steady outputs under

the majority of the selected load cases generally increase when

using the deployed vibration control methods. For example, the

RMS of the output under load case 4 is increased to 4952.91 kW,

4958.06 kW, and 4966.43 kW, respectively using the optimized

TMD-N, TMD-P, and MTMD, respectively. Moreover, the

alleviated output fluctuations are quantized based on the

defined suppression rate. As illustrated in Figure 14, it is

consistent with the mitigations of FOWT coupled responses

and is proven to be more feasible than the related TMD in the

nacelle because of the designed larger mass and broader space in

the platform. The most effective reductions are achieved using

the optimized MTMD, such that the reductions in output

fluctuations can exceed 24.14% and 26.21% under load cases 4

and 5, respectively. In comparison with the previously

introduced cases, although the mitigation effects are less

effective under load case 3, it can still reach 6.89% using the

optimized MTMD. Based on the above comparisons, it can be

proven that either the structural response or generator output

can be effectively suppressed using the proposed TMDs and

MTMD. Furthermore, from the perspective of structural safety

and output efficiency, the optimized MTMD should be applied

to barge FOWT.
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7 Conclusions

In this study, the effectiveness of TMD and MTMD for the

mitigation of barge-type FOWT responses was evaluated based on

the established coupled numerical model of a barge FOWT with

MTMD. To consider the prominent coupling effects in the design

of the TMD and MTMD for the barge FOWT, the tower-first

bending and floating-platform pitch DOFs were considered as

master DOFs, in addition to the simplified single translational

DOF of the local damper. Subsequently, the simplified dynamic

model of a barge FOWT with an MTMDwas established using the

reserved four master DOFs and the Lagrange equation. Moreover,

according to the derived coupled governing equation of motion of

the MTMD using Kane dynamic theories, the TMDmodule in the

simulation tool FAST-SC was updated. The unknown parameters

and simulation accuracy of the simplified model was evaluated

based on comparisons of the free decayed motions between the

established simplified and coupled numerical models.

Subsequently, an optimization method for TMDs and MTMD in

the barge FOWT was developed using a genetic algorithm.

Furthermore, the applicability and effectiveness of the optimized

TMDs and MTMD were assessed based on the reduction of the

coupled responses of the barge FOWT. The following conclusions

were drawn.
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FIGURE 12

Simulation results of the electrical power output. (A) Load case 3; (B) Load case 4; (C) Load case 5.
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(1) The established simplified model with reserved tower

bending and platform pitch DOFs can accurately simulate the

support system motions of a barge FOWT dominated by such

DOFs compared with the responses of the coupled numerical

model. Therefore, from the computational cost perspective, it

provides an alternative to the structural vibration control

method design for barge FOWT.

(2) Using a genetic algorithm, an artificial intelligence-based

optimization method is developed based on the simplified

dynamic model of the barge FOWT with MTMD to examine
Frontiers in Marine Science 16
the substantial coupling effects of the FOWT and structural

damping in the TMD and MTMD design.

(3) Because of the differences in the stiffness and damping

between the optimized MTMD and relevant TMD, the influence

of the FOWT coupling effects and structural damping on the

optimized TMD and MTMD parameters cannot be considered

using the empirical formula. Thus, the effectiveness of the

proposed optimization method was demonstrated.

(4) Compared with the optimized TMD in the nacelle, more

effective reductions are achieved using the optimized TMD-P
FIGURE 13

Comparison of the RMS value of the output under load cases.
FIGURE 14

Standard deviations of the output under different load cases.
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because of the designated larger tuned mass and border space in

the platform. Notably, owing to the dominant influence of the

platform pitch mode on the tower and platform responses, either

the tuning frequency of the TMD in the nacelle or the platform is

automatically designated as the platform pitch frequency during

the optimization process.

(5) The optimized MTMD is the most effective for the barge

FOWT compared with the optimized TMDs, which consist of

two local dampers with a tuned platform pitch frequency and are

mounted in the nacelle and platform.

(6) The applicability of the optimized TMDs and MTMD

was evaluated based on the reduced blade responses and

improved generator steady output. The FOWT support system

motion and the blade responses are effectively mitigated,

particularly when using the optimized TMD in the platform

and MTMD. Moreover, an improved steady output of the barge

FOWT is observed. Therefore, in addition to the mitigation

effects on the structural responses, the potential benefits of the

steady generator output should also be highlighted.

(7) In future studies, the applicability and accuracy of the

proposed optimization method using the simplified dynamic

model should be assessed based on additional OWTs, such as

typical bottom-fixed OWTs and semi-submersible FOWTs.

Moreover, the dynamic model tests of FOWT should be

conducted to validate the effectiveness of the optimized TMDs

and MTMDs.
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