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Abstract. A semi-active algorithm for edgewise vibration control of the spar-type floating offshore wind
turbine (SFOWT) blades, nacelle and spar platform is developed in this paper. A tuned mass damper (TMD)
is placed in each blade, in the nacelle and on the spar to control the vibrations for these components. A Short
Time Fourier Transform algorithm is used for semi-active control of the TMDs. The mathematical
formulation of the integrated SFOWT-TMDs system is derived by using Euler-Lagrangian equations. The
theoretical model derived is a time-varying system considering the aerodynamic properties of the blade,
variable mass and stiffness per unit length, gravity, the interactions among the blades, nacelle, spar, mooring
system and the TMDs, the hydrodynamic effects, the restoring moment and the buoyancy force. The
aerodynamic loads on the nacelle and the spar due to their coupling with the blades are also considered. The
effectiveness of the semi-active TMDs is investigated in the numerical examples where the mooring cable
tension, rotor speed and the blade stiffhess are varying over time. Except for excessively large strokes of the
nacelle TMD, the semi-active algorithm is considerably more effective than the passive one in all cases and
its effectiveness is restricted by the low-frequency nature of the nacelle and the spar responses.

Keywords: floating offshore wind turbine; spar-type; edgewise vibration; tuned mass damper; semi-active
control

1. Introduction

Offshore wind power has great potential in near-shore deep-water zones in many countries. In
deep-water areas, floating wind turbines is considered to be the most cost-effective and a
reasonable solution that results in installation of larger wind turbines with capacities of 5-10 MW
to minimize the power generation cost (ISSC 2009). The spar-type floating offshore wind turbine
(SFOWT) seems to be a suitable concept for deep-water areas because of its lowered center of
mass, small water plane area and deep-draft (Dinh and Basu 2013). An offshore floating wind
turbine (FOWT) must safely withstand various environmental impacts including wind and wave
loads and hydrodynamic effects and mitigation of the vibrations and the effects of such loads is
extremely important for FOWTs (Lackner and Rotea 2011).
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Various measures for vibration control of FOWT blades developed for onshore wind turbines
include the passive tuned mass damper (PTMD) (Murtagh et al. 2008) and the semi-active TMD
(Arrigan et al. 2011, Arrigan et al. 2014). A pair of actuators/active tendons mounted inside each
blade were proposed to control effectively the edgewise vibration of that blade (Staino et al. 2012).
The in-plane vibrations in rotating wind turbine blades were significantly mitigated by using active
TMDs (Fitzgerald et al. 2013). Tower responses in offshore fixed-base wind turbines could be
effectively controlled by a tuned liquid column damper (TLCD) (Colwell and Basu 2009).

Different algorithms have been proposed to further improve the vibration reduction efficiency.
Considering both the energy consumption and vibration reduction efficiency, STMD devices seem
to be a good choice (Huang et al. 2010). STMD devices do not inject mechanical energy into the
controlled structural system, but can be controlled to optimally reduce the system response. A
Short Time Fourier Transform (STFT) algorithm to track the dominant frequency of the system
over time was introduced (Nagarajaiah and Varadarajan 2005). In that algorithm, the structures
response was split into segments and each segment was analysed in real-time by performing a Fast
Fourier Transform (FFT) to identify the current dominant frequency in the system. That algorithm
enabled their STMD to be continuously tuned to the dominant frequency of the structure resulting
in a significantly improved response than that achieved by a conventional passive TMD. The
STFT technique has been effectively applied into various structures (Nagarajaiah and Sonmez
2007, Nagarajaiah 2009).

In controlling FOWTSs, the blade pitch angle and the generator torque approaches suffer from
some critical drawbacks (Lackner 2009), and so the structural control approaches may be suitable
alternatives. In this paper, a TMD is therefore placed in each blade, in the nacelle and on the spar
platform to control the vibrations of these components and the STFT algorithm is used for
semi-active control. The controlled mathematical model of the integrated SFOWT-TMDs system is
developed using the Euler-Lagrangian energy formulation. The edgewise vibrations are the focus
as they are known to be lightly damped and can lead to violent vibrations; the first edgewise mode
may exhibit a very low or even negative damping under certain conditions.

The developed SFOWT-TMDs model in this paper is a time-varying MDOF system
considering the aerodynamic properties of the blade, variable mass and stiffness per unit length,
gravity, the interactions among the blades, nacelle, spar, mooring system and the TMDs, the
hydrodynamic effects, the restoring moment and the buoyancy force. The aerodynamic loads on
the nacelle and the spar due to their coupling with the blades are also considered. The ocean wave
model and the uncontrolled SFOWT model developed and validated by Dinh et al. (2013), and
parameters resulting from passive control of SFOWT spar motions by using TMDs (Dinh and
Basu 2014) are utilized. The effectiveness of the STMD strategy and the STFT algorithm is
investigated in three numerical examples. In the first two examples, the varying tension of
mooring cables and the varying rotational speed of the blades are considered, respectively. In the
last example, the stiffness of a blade, the tension of mooring cables and the rotor speed are all
varying.

2. Theoretical model formulation of SFOWT-TMD system
In the model proposed in this paper, the spar is assumed to be a rigid body due to its large cross

section. The displacement and velocity of the FOWT system are assumed to be small. As the spar
diameter is small compared to its draft and to the wavelength, Morison’s equation can be used to
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calculate the hydrodynamic loads. The mooring cables are assumed to be perfectly flexible,
inextensible, and heavy so that the extended quasi-static model of mooring cable developed by
Sannasiraj et al. (1998) for moored floating breakwaters can be adopted. A TMD is embedded into
each blade in order to reduce the edgewise vibration. A TMD is also installed into the nacelle and
the spar, respectively. All the TMDs are modelled as single degree of freedom (SDOF) systems.

The proposed coupled model of a three-bladed horizontal-axis SFOWT-TMD is shown in Fig.
1 and the definitions of other model parameters are given in Table 1. The coupled model aims at
representing the edgewise vibration responses and the associated coupling of the blades with the
motions of the tower/nacelle and the spar. In this model, the blades are modeled as Bernoulli—
Euler cantilever beams of length ‘R’, with variable bending stiffness and variable mass per unit
length x(r) along the length as shown in Fig. 2. The blades rotate at a speed £ (rad/s) and the
azimuthal angle ¥(t) of blade ‘i’ at the time instant ‘t” is expressed as

?’i(t)zﬁl’l(t)+(i—1)%, w(t)=at,i=1,2,3 €

TMDy, u (R,1)

z (heave)
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Fig. 1 Edgewise coupled model of SFOWT-TMDs system and parameters
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Table 1 Notations for edge-wise model of SFOWT-TMDs

B = Center of buoyancy of the S-FOWT.

G = Center of gravity of the S-FOWT.

F = Fairlead position at spar centreline.

Oyz = Global axes, O at mean water level (MWL)

Ug, Vg, ¢c = Absolute sway, heave and roll

displacement at G.

K, Ksv, ks, = Horizontal, vertical and roll stiffness
of mooring system, respectively.

M. = Mass of each mooring cable in water.

M, = Mass of nacelle + modal mass of tower

Dy = Diameter of spar above taper.

D, = Diameter of spar below taper.

M; = Mass of the spar.

M;, s = Moment of inertia of the spar.

h, = Tower top (yaw bearing) above MWL

ho = Depth to top of taper below MWL.

h. = Height of spar taper

hs = Height of spar cylinder (from taper bottom to

spar bottom).

hyq = Depth to spar bottom below MWL.

he = Depth of G below MWL.

hg = Depth of B below MWL.

hr = Depth of fairleads F.

ro = location of damper along the blade

do = Offset position of damper from centreline of the
blade.

Z4 = Depth of spar TMD below MWL.

6= Angle at the anchor points C,and C,

C’, C = Imaginary anchor and real anchor.

To = Initial horizontal tension of each mooring
cable.

o = Cable mass per unit length.

w = Weight per unit length of mooring line in water

I = Imaginary extension length to make a zero

contact angle

Zrc, Zec = Vertical distance between F and C’ and
C.

L = Real length of cable.

L’=L + | = Total length of cable.

Yrc, Yec = Horizontal distances between F and C’
and C.

Yr, Yo = Horizontal coordinates of F and G in Oyz
axes.

Zr, Zg = Vertical coordinates of F and G in Oyz axes,

Tc, Te = Initial cable tensions at C and F.

ui(ro,f)

(R,1)

Fig. 2 Geometry of blade i and its TMD
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For simplification in modelling and practical installation, the blade TMDs are assumed to have
the same distance ro from the hub, the same mass (Mg = Mg, = M= My) and the same damping
ratio (g1 = Su2 = Cus = ¢g) but variable stiffness (kgi, i = 1, 2, 3). The constant mass and damping
ratio and the varying stiffness of the nacelle TMD are myg, &g and kng, respectively. The mass,
damping ratio and stiffness of the spar TMD are mg, s and kg, respectively. Real-time tuning
frequencies of the blade TMDs ay;i(t), (i = 1, 2, 3), the nacelle TMD anq(t), and the spar TMD exq(t)
are provided by the semi-active control scheme presented in the next section. The time-varying
damping coefficients and stiffness of the blade TMDs, nacelle TMD and spar TMD are
respectively expressed as

Cai (1) = 2Myao, (0S4 1 Ki(t) =2my 5 (1) (2a)
Cnd (t) = 2mnd Wng (t)gnd ; knd (t) = zmnda)rfd (t) (2b)
Csd ®) = 2Myy gy (t)é/sd ; ksd (t) = 2rnsda)szd (t) (20)

Only the fundamental edgewise modes of the blades are considered in this paper. The tower is
modeled as a single degree of freedom (SDOF) system with the generalized stiffness kt . As the

axial deformations of the spar and the tower are neglected, and the roll displacement of the spar ¢ is
small, the absolute vertical displacement of the nacelle is approximated as

Vhae = Ve — ha (1_ COS@g ) ~ Ve (3)

The absolute horizontal displacement Uy, of the nacelle is approximated as

Unac = Upge +Ug — ha@G (4)

where h, is the vertical distance between the tower top and the center of gravity, h, = h; + he.
The vector of generalized coordinates of the SFOWT-TMDs system is

]
At)=(0 Gy % Gaz % Gus Une Us Vo @6 Ung Usg) 5)

where the degree of freedom g, i = 1, 2, 3 relates to the fundamental edgewise mode of the blade “i”.
The relative displacement of the TMD in the ith blade with respect to the blade is denoted as qq;. The
edgewise displacement along the blade i can be approximated by using its fundamental edgewise
mode shape ¢ (r) as ui(r,t) = ¢ (r)qgi(t). The variable un,(t) represents the relative sway displacement
of the nacelle with respect to the spar sway displacement ug. The term vg is the spar heave
displacement. The terms uyqand ug are the relative displacements of the nacelle TMD and the spar
TMD with respect to the nacelle and the spar, respectively.
From Fig. 2, the absolute velocity vector of a point r on the blade i at a time t is written as

vbi(r,t): [— U, SNy, +V,.. Cosy; —Qu, (r,t)ﬁ + [— U, o COSY; — V... Siny: + U, (r,t)+ Qr]] (6)

where i and ] are the unit vectors along and perpendicular to the blade center line, respectively.
The absolute velocity vector of the damper in blade i at time t is expressed as
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vdi(t)= [— U Siny, + V. cosy, —Qu, (ro,t)— Qq, — Qdoﬁ

- L , ()
+ [_ Unae COSY; — Vi SINY; + l']i (rO’t)+ c.]di + Qro]]
The total kinetic energy of the whole SFOWT-TMDs system is expressed as
13 R 2 1 3 1 - - 1 - .
T= _Z_flu(r)|vbi| (r’t)jr + oMy Zvéi(t)+ —M nac(unzac + Vr12ac)+ = Myg (unac +Upg
2 i=10 2 i=1 2 2 (8)
1 R R S | -
+ =M lug +Vg |+ =108 +—m5d(us +usd)Z
2 2 2
The total potential energy of whole SFOWT-TMDs system is expressed as
3 3
V= 1 (Ke + K, cosy; + Kg )qlz +lzkdiq§i +1ktljnzac +lkndur?d
2ia 2ia 2 2 9)

1 1 1 1
5 KenUg + > K Va + > ks, 08 + > KegUsg

where the parameter K. is the generalized elastic stiffness of the blade, K, = a)sm2 with a, as the
fundamental natural frequency of the blade and m, as the modal mass of the blade. The term K, is the

stiffness arising out of gravity effects, K, = —gjOR |er y(é)df[qﬁl']zd r.Theterm K, = _QZKg‘O is the

Ry (R :
geometrical stiffness due to centrifugal force on blade in which Ky, :Io [Ir y(f)édcﬂ[@]zdr

(Staino et al 2012, Basu et al 2012). Assuming that the spar roll displacement @ is small, the spar
horizontal displacement us at the depth z, is approximated as

ug = Us(Zd )z Ug — (zd +hg )(pG (10)

Fig. 3 Mooring model
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Substituting expressions of the system kinetic energy in Eq. (8) and potential energy in Eq. (9)
into the Euler-Lagrange equations in Eq. (11)

E a_T _a_T_|_6_V—Q (11)
dt{og | oq oq =

the aerodynamic and structural portions of the mass, damping and stiffness matrices of the
SFOWT-TMDs system can be obtained and are expressed in Appendix A. The relative velocities
and damping of the TMDs also add dissipative forces (non-conservative) to the system. D’
Alembert’s equation is used to find the additional terms to the system damping matrix.

The parameters of the mooring system are shown in Fig. 3 and Table 1 and the initial horizontal
tension Ty is assumed to be constant along the cable length.

3. Modelling of loads

The wind load, gravitational load, hydrostatic load and hydrodynamic effects that excite the
floating offshore wind turbines are presented in the following sections.

3.1 Aerodynamic load

The wind load acting on the tower is neglected as it is small compared to the load on the rotor.
The generalized aerodynamic load vector is obtained by differentiating the virtual work done due to
the wind load acting on the SFOWT system derived by Dinh and Basu (2014) and written as

Q.(1)=(Q% 0 Q% 0 Q% 0 QY Qhy QA —NeQlky 0 0)' (12)

The resultant aerodynamic load on blade i, and the aerodynamic loads coupling the blade
edgewise vibrations with the tower/spar sway and heave motions are respectively given as

Q)= p(rtp(ridr, i=1,23 (13)
QY = —z [ pi(r,tHircosy, (14)
Q= —21;‘ b, (. t)drsiny, (15)

where the variable wind load intensity along the blade length in the edgewise direction, pi(r,t) (i = 1,
2, 3) is calculated by using BEM theory (Hansen 2003, Staino et al. 2012).

3.2 Gravitational load
Differentiating the virtual work done due to the gravity (Dinh and Basu 2014) with respect to the

generalized coordinates, the generalized gravitational loads on blade i and on the spar are obtained
and are respectively expressed as
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Q&(t)=gmsiny,, i=1,2,3 (16)

Qng (t):—g[ifoRy(r)drsinzy/i +M0+Ms} A7)

3.3 Hydrostatic and restoring loads

The magnitude of the buoyancy force and the vertical restoring coefficient acting on the spar are
respectively expressed as

Fouoy = PwIVs (18)
KJ® = pu9Ao (19)

where V; is the volume of the water displaced by the spar and A, = ﬂD§/4 is the plane water area.
The roll restoring coefficient is computed as

res ﬂDz
K(p = |:(hB - hG )\/S + 6_40:|pr (20)

where hg is the downward distance from the MWL to the center of buoyancy (assuming that the
spar center of buoyancy B is always above its center of gravity G)

hg = he —BG (21)

inwhich BG is the vertical distance between the spar center of buoyancy B and center of gravity G
(Dinh et al. 2013, Dinh and Basu 2014).

Before using Egs. (18)-(21), the static depth hy of the taper top below the MWL must be
re-calculated by using Archimedes’s principle where the total weight of the wind turbine, spar and
mooring cables in water is made equal to the weight of the water volume displaced by the spar
(Dinh and Basu 2014). If the system mass is considerably increased when the TMDs are installed,
ho and the related depths such as hg, hr and hg should be re-evaluated.

3.4 Hydrodynamic effects

Hydrodynamics of FOWTs and their mooring systems were successfully modelled by using
computational software (Flexcom 2015). In this paper, the hydrodynamic effects on the spar are
calculated by using Morison’s equation as its diameter is small relative to the wavelength. These

effects consist of (i) the added mass effects associated with spar acceleration US, (ii) the inertia

forces associated with fluid acceleration, and (iii) the viscous drag forces due to the squared relative
velocity of the spar to the fluid. The spar roll velocity is assumed to be small. To account for
depth-dependence, the strip theory is used where the draft hy is divided into N, depth intervals Az;
(Dinh and Basu 2014).

The added mass coefficients in sway motion due to sway acceleration a,, and in sway motion
due to roll acceleration a,, and the added mass roll moment due to spar roll acceleration a,,, are
expressed respectively as



Semi-active control of vibrations of spar type floating offshore wind turbines 691

NZ
a,, =Cy, pw%z D2(z,)Az, (22)

i=1l

T N, 2

8y =2y, =~Cu 2D (2 )(z; +hg )Az, (23)

i=1
= Cyupu T3 D2(2)(z +hg FA (24)

a,, = Mpwzé (z)(z; +hg ) Az

In Egs. (22)-(24), Cy is the added mass coefficient, Cy = 1.0 for circular cylinder (Faltinsen
1990) and D(z) is the spar diameter at a discrete depth z;. Using the assumption that the volume of
the added water under the spar is a half sphere (Waris and Ishihara 2012), the vertical added mass
coefficient at the base of the spar is expressed as

3

7D
a;; = Pw 121 (25)

The vertical inertia force due to vertical acceleration Vf(Z = —hd,t) of fluid particles at the

spar bottom and the total horizontal inertia fluid force acting on the spar are respectively expressed
as

sz (t)z(CM +1)PwAslvf (z=-hy,1) (26)
F,' () =(Cy +1),;W%szlDz(zi)Aziuf (1) 27)

where Uf(Z,t) is the horizontal acceleration of fluid particles at depth z; and A= 7zD12/4.

The viscous drag forces result from the relative velocities of the spar and the fluid and exist
regardless of the presence of the waves. The vertical drag force normal to the spar bottom due to
its heave velocity and the total horizontal drag force are respectively expressed as

1, . ) .
2" =2 CouAa s (i) Vo (h )~ 28)
Df _1 y o =N [ o . h ]A 29
R = 2CDpW§ D(z)|dss (Zi,t)‘ Us (z;,1) —Ug + g (Zi + G) Z; (29)

where C[Z) is the drag coefficient of heave motion and cy is the hydrodynamic viscous drag
coefficient of spar sides, cy= 0.6 for cylindrical object (Waris and Ishihara 2012). The quantity

Qe (7 ,t)‘ is the amplitude of the relative normal velocity vector and expressed as

q';f(z,t)\:\/[uf(z,t)—ue+¢G(z+hg)}2+[v'f<z,t)—v'ef (30)

inwhich U;(z,t) and V;(z,1) are the fluid horizontal and vertical velocity, respectively.
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Based on the total drag forces in Egs. (28) and (29), the hydrodynamic damping coefficients in
sway, heave and sway-roll coupling directions are defined respectively as

1 N,
Cfljzg = EC'%’DWZ; D(z,)Az
i=

a5 (z,0) (31)

ra 1 X .n
le%g = ) Ciou2. D(Zi)(zi +hg )Azi As (2 ,t)‘ (32)
i-1
1 .
CH(0) =5 ChpuAal () (39

The drag loads in the sway and heave directions are defined respectively as

1 NZ =N .
R = Chmu, D)z (@ 0 2 ) 34
P = 2 ChauAL . o ) ()

The horizontal and vertical velocity (in the drag force terms, Egs. (28)-(33)) and the horizontal
and vertical acceleration (in the inertia force terms, Egs. (26) and (27)) of fluid particles at a depth
of z (origin at the MWL and positive upward) and horizontal position y are given by

Ne coshk;(z+H
uf (yi Z’t): Za)jAj #

sind;(y,t
20M = Gmen Y (30)

Ny sinhk;(z+H)

Vi(y,z,t)= Y oA

sind;(y,t 7
20N " Gnien ooy 7

N coshk;(z+H)

i (y,2,t)=Y 0?A ing.(y,t

Uf(yZ ) ij j sinh ij sin J(y ) (38)
N, sinhk.(z+H

Vi(y,z2,t)= -3 o} A, #sin 0,(y.t) (39)

i sinh k;H

respectively. In Egs. (36)-(39), @, kj and g are the circular frequency, wave number and random
phase angle of wave component number j, respectively. The random phase angles & are uniformly
distributed between 0 and 2 w. The parameters «; and k; are related by the exact linear dispersion

relationship k; tanh(k H ): a)JZ / g for any water depth H (Sarpkaya and Isaacson 1981). The wave
amplitude A; can be obtained from a wave spectrum S(w) as

in which Aw is the difference between successive frequencies. The Pierson-Moskowitz (PM) wave
spectrum (IEC 2006) is used in this paper and its one-sided spectrum has a form
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S(w)= 15, T onCo exp(— % c;“j (41)

where C, = COTpW/(Zﬂ), Hsw is the significant wave height and Ty, is the spectral period; their unit
must be meter and second, respectively.

4. Semi-active control strategy

In this paper, the stiffness of the TMD spring is changed according to the instant dominant
frequency of the responses and the Short Time Fourier Transform (STFT) is used to evaluate that
dominant frequency. For the continuous-time case, STFT is the Fourier transform of the signal
multiplied with a window function which is nonzero for only a short period of time. The Fourier
transform of the resulting signal is taken as the window is sliding along the time axis, resulting in a
two-dimensional representation of the signal. Mathematically, this is written as

STFT {x(t)} =X (r,0) = [ x(t)w(t—r)e dt (42)

where w(t) is the window function, commonly a zero mean Hanning window or Gaussian, and x(t)
is the signal to be transformed. The Hanning window is used in the simulation. The flowchart of
the STMD strategy is shown in Fig. 4 which is expanded from the strategy by Huang et al. (2010).
The frequency selection process is to make sure the frequency change for STMD is gradual. The
procedure starts by selecting a STFT window and a window length. The response signal is
convoluted with a window function and then zero padded for the desired frequency resolution. The
FFT power spectrum of each window is calculated and the dominant frequency of the response fiq(t)
at an instant of time t is determined by weighting the frequencies within the window by its
normalized power spectrum value at the corresponding time. If the dominant frequency is within the
lower and upper bounds, the STMD is tuned to the dominant frequency. If it is not within the bounds,
STMD is tuned to the optimum passive TMD frequency. For the blades, the upper and lower bounds
are defined as the limits around the blade natural frequency f, with a deviation of 0.4Hz (as a soft
constraint) on either side for the examples used in this paper.

1:Iibmlower = (fb - 04)/Af (43)

fiorunper = (F +0.4)/ Af (44)

lim upper —

where Af is the frequency step. For the nacelle and the spar, the upper and lower bounds are defined
as

fl?m upper — (fb + 0-4)/Af (45)
1:Iinr'nsupper = fTMD,prev(1+ frgfs) (46)

where fryp, prev 1S the frequency of the TMD computed in the previous time step. In the examples


http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Fourier_transform
http://en.wikipedia.org/wiki/Hann_window
http://en.wikipedia.org/wiki/Gaussian_function

694 Van-Nguyen Dinh, Biswajit Basu and Satish Nagarajaiah

used in this paper f7 =0.05 for nacelle and f>, =0.01 for spar because the lower dominant

frequencies of nacelle and spar responses are generally very low and even lower than 0.1 Hz.

A computer program in MATLAB environment (MATLAB 2011) for the mathematical models
of the SFOWT-TMDs and the semi-active control strategy are developed in this paper. The
computer programs for the wave model and the uncontrolled SFOWT model developed and
validated by Dinh et al. (2013) are used in this paper.

5. Numerical examples

The properties of the floating platform, mooring systems and tower of the OC3 SFOWT
(Jonkman 2010) are used in the numerical examples where h; =87.6 m, hp =4 m, h, =8 m, hg =120
m, he =70 m, hg = 89.9155 m, Dy = 6.5 m, D; = 9.4 m, M, = 7466.33x10° kg, I = 4229.23x10° kg.m?,
L =902.2 m, p, = 77.7066 kg/m, 6 = 0°, To = 10° N, p,, = 1025 kg/m® and H = 320 m.
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Fig. 4 Flowchart of STMD strategy



Semi-active control of vibrations of spar type floating offshore wind turbines 695

The aerodynamic, blade, hub and nacelle properties of the NREL 5-MW baseline HAWT
(Jonkman et al. 2009) are used where R = 61.5 m, the cut-in and rated rotor speeds are 6.9 rpm and
12.1 rpm, respectively. The mass of each blade, hub mass, nacelle mass, and tower integrated mass
are 17.74x10° kg, 56.78x10° kg, 240x10° kg, and 249.718x10° kg, respectively. The fundamental
frequencies of the blade and the tower are 6.81 rad/s and 2.87 rad/s, respectively. The modal
structural damping ratios of the blade and the tower are taken as 0.48% and 1%, respectively

(Jonkman et al. 2009). The drag coefficient of heave motion CE:Z is assumed for the

externally-smooth cylindrical spar. The values of hy and hg of the controlled system with various
values of the TMD mass ratios /g and iy have been re-evaluated by Dinh and Basu (2014); when
sy = 0.03 or larger the spar would sink by 7.6 m or more due to the additional weight of the
TMDs.

The wind and wave states at the operating condition are used where the mean wind speed at the
top of the tower is assumed to be at the rated wind speed as 12 m/s and the turbulence intensity is
15%. The significant wave height Hs, of 3 m, the wave peak period Ty, of 10 s and the depth interval
Az of 4m are used to simulate the sea profiles. The total simulation time and the time step interval
and the frequency interval are 200 s and 0.01 s respectively.

The parameters and results from passive control of SFOWT spar motions by TMDs (Dinh and
Basu 2014) are utilized in this paper. The spar TMD is located at the mean water level and its mass
ratio msg is 3%. The stroke constraints for the spar TMD are 80% of the radius of its cross section
(£0.8x0.5xD; = £3.75 m). The control is most effective for nacelle sway and spar roll for all values
of tuning frequency @, and an initial tension T,. The spar TMD is tuned at the wave peak
frequency w,,, = 0.5969 rad/s at which the passive TMD is most effective, especially for nacelle
sway and spar roll. The initial tension of mooring cable T, is 108 N. The mass ratios of the nacelle
TMD and the blade TMDs are m,g = 0.01 and m,g = 0.01 respectively.

The stroke constraints for the blade TMDs and nacelle TMD are 80% of the blade half chord
(£0.8x0.5x3.0 = £1.2 m) and 80% of the nacelle half width (£0.8x0.5x5.0 = £2.0 m), respectively.
Initially, the semi-active control scheme is introduced into all TMDs in the three blades, the
nacelle and the spar. However, these results in excessively large strokes of nacelle TMD and
instability may occur when the TMD is tuned at low frequency. Thus, the control scheme of the
nacelle TMD is passive. In order to investigate the effectiveness of the STMD strategy, three
numerical examples are considered in the following sections: (i) Varying tension of mooring cables
TO, (ii) Varying rotational speed Q and (iii) Stiffness of a blade, tension of mooring cables and
rotational speed are varying. Notes on Fourier Transform of time history data (Dinh and Basu 2012)
are considered to improve the accuracy. In the STFT algorithm, the window size is defined as
50.00 + At and the segment length is defined as round [(window size — At)/At].

5.1 Varying tension of mooring cables

The tensions in all three mooring cables are assumed to be suddenly dropped from T, = 10° N to
Toc = 0.5T, at a time t; = 80 s. It should be noted here that the tensions in three cables must be equal
to ensure stability of the SFOWT. The time histories and Fourier amplitude spectra of the blade 3
displacement, nacelle sway and spar roll controlled by passive and semi-active TMDs are shown in
Figs. 5(a)-5(f), respectively where the semi-active scheme are considerably more effective than
passive scheme, especially since the time t; = 80 s. This is because at the time instant t; = 80 s the
cable tensions drop by one half, the spar sway and roll stiffnesses are consequently reduced and the
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dominant frequencies of their motions are lowered. Thus the selection of control frequency for the
passive TMD scheme is less accurate and consequently its effectiveness is reduced. Whereas for the
STMD, the controlled frequency is re-tuned continuously in real-time and hence is still more
accurate

Fig. 5(h) presents the real-time frequency of the spar TMD resulted from the semi-active control.
The strokes of the spar TMD shown in Fig. 5(g) vary between (-2 m, +2.5 m) that is acceptable to the
spar diameter.

5.2 Varying rotational speed 2

The rotor rotational speed Q is assumed to be steeply reduced to 0.6 Q at atime t, =100 s. The
time histories and Fourier amplitude spectra of the blade 3 displacement, nacelle sway and spar roll
controlled by passive and semi-active TMDs are shown in Figs. 6(a)-6(f), respectively. The
effectiveness of the semi-active control on all blade displacements, nacelle sway and spar roll are
larger compared with the case or varying cable tensions in Section 5.1. That difference may be due
to the cable tension changes result in low frequency responses whose peak frequencies are less
precisely captured by the STFT scheme. The spar heave in Fig. 5(g) shows that the good heave
performance of the SFOWT system is maintained when the TMDs are installed. Fig. 5(h) presents
the spar TMD real-time frequency.
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5.3 Varying blade 3 stiffness, mooring cable tension T, and rotational speed 2

This example consider the worst case when the tensions of mooring cable is dropped to Ty, =
0.5T, at a time t; = 80 s, then the rotor rotational speed is reduced to Q. = 0.6Q at a time t, = 100.
Finally the stiffness of blade 3 is lost 50% resulting in a reduction of its fundamental frequency to
e = 0.7, at a time t3 = 120 s. The time histories and Fourier amplitude spectra of the blade 3
displacement, nacelle sway and spar roll controlled by passive and semi-active TMDs are shown in
Figs. 7(a)-7(f), respectively.
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The effectiveness of the semi-active control on the blade responses is more profound when the
blade stiffness is reduced. This is because that control scheme is capable of tracking the real-time
frequencies as shown in Fig. 5(h). However, the effectiveness of the semi-active control on the
nacelle sway and spar roll are considerable but less than that of the case of varying rotor speed (in
Section 5.2). The blade 3 TMD strokes shown in Fig. 5(g) are acceptable as they are within blade
width.

6. Conclusions

In this paper, a TMD has been placed in each blade, in the nacelle and on the spar of spar-type
floating wind turbines to control the vibrations at these components. The STFT algorithm has been
used for semi-active control of the TMDs. The developed model is a time-varying MDOF system
considering the aerodynamic properties of the blade, variable mass and stiffness per unit length,
gravity, the interactions among the blades, nacelle, spar, mooring system and the TMDs, the
hydrodynamic effects, the restoring moment and the buoyancy force. In the numerical examples,
the varying tension of the mooring cables, the varying rotational speed of the blades, and the
varying stiffness of a blade have been investigated separately and together. The following
conclusions have been drawn:

o Excessive large strokes of nacelle TMD are observed and the instability is occurring when
the TMD is tuned at low frequency. The nacelle TMD should be passively controlled and
special attention is needed.

e The semi-active control scheme is considerably more effective than passive scheme in all
cases. However, the effectiveness is less than as compared to the results for the fixed-base
wind turbine cases reported in the literature. This is due to the low-frequency responses
whose peak frequencies are less precisely captured by the STFT algorithm.

o The effectiveness of the semi-active control on the blade displacements, nacelle sway and
spar roll are larger in the case of varying rotational speed as compared with the case of
varying cable tensions.

e The effectiveness of the semi-active control on blade responses is especially profound when
the blade stiffness is reduced as the STMD is capable of tracking the real-time frequencies.
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Appendix A

Mass matrix:

where

My = my + My (1, )cosy; =[my +myd (rp)cosy, ;
My =My +Madh (1 )sin i =[m; +myd (ry )lsin v

My =M, +3My +m,;

Semi-active control of vibrations of spar type floating offshore wind turbines

hamdl

0

My = md¢1(ro):'

201 .
m,, =ls+h;m;  m

ml:foRy(r)er;

0 0 0 -my;

0 0 —My,

my O 0 -mg
my 0 0 -my,
0 my My my,

0 My My —My,

My, —Mis —Myg My
My, —Mis —Myy My

— —d —
—Myy —Myz — My, 0

hamdz ham13 hamd3 _hamAnd
0 0 0 my,
0 0 0 0

my = [ pe(r Jp7dr ;
my; =m, COSy;

my = md¢12(r0);

d _
oy =

My, =h, (3my +my g )+(z+hg )mgy;

m4nsd = m4nd +M s + msd ;

—my -y
—Myy —My,
—mg, —m;
—My, —My,
—my — Mg
—Myz —Mgy,
m4nd 0
m4nsd 0
0 m4sd
1, 0
mgyg O
Mg, 0

m, :3j0Ry(r)dr+ M,

my; = m, siny;

M,y =M, + My

hhm; 0 O
hymyg; 0 O
hmi, 0 0
hymg; 0 0
hmi 0 0
hm; 0 O
aMang Mg O

- I(/,u m,y Mgy
0 0 O
m, 0 0
0 mgy O

0 0 mgy

Mgi = My COSY/;

My; = Mgy SIN ;

m,,, +h2(@my +mg )+(z+hg ' my

|, =hym,+m,,

M,y =M, + Mg +3m,

703

(Al)

(A2)
(A3)
(A4)
(AS)
(A6)
(A7)
(A8)

(A9)



704 Van-Nguyen Dinh, Biswajit Basu and Satish Nagarajaiah

Damping matrix:

c, 0 0 0 0 0
0 Car 0 0 0 0
0 0 , 0 0 0
0 0 0 Cys 0 0
0 0 0 0 G, 0
0 0 0 0 0 Cas

20mY  20m,, 20m5 20m, 20mS 20m, c,
20m3  20m,  20m; 20m, 20m; 20m, O0c,
-20m} -20m, -20m{, -20m,, -20mj -20m, 0 O c,
- 2h,Qmy; — 2h, QM —2h, QMY — 2h, O, — 2h, QM —2h.QM,, 0 0 0 ¢,
0 0 0 0 0 0 00 0 0cy,
0 0 0 0 0 0 000 0 0cy|

L (A10)
where the term ¢, is the structural damping coefficient of a blade, ¢, , ¢, and c, are the

damping coefficients in sway, heave and roll motion of the spar respectively contributed by
mooring system. The term c, is defined as C,; = C,,c+C in which Cnc and c; are the structural

damping associated with the nacelle and the tower, respectively.

Stiffness matrix:

Kot —Kpg = Kug 0 0 0 0
Ky kg —-myQ* 0 0 0 0
0 0 Koo —Kpg = Kug 0 0
0 0 —kpg  Kkgp—mgQ* 0 0
0 0 0 0 Koz —Kog = Kpg
0 0 0 0 Koy kys —m,Q°

ofm}  Q’my;  O%mf  O'mg, Q°m}  Q°my, k k 0k, 00
ofmy  Q’my;  O%mf  Q%mg, Q°my  Q°my, Kk kg 0k, 0 0
o’my  o'm, Q°m), Q’m, Q’m%F Q’m, 0 0k, 0 0O
-h,Q*m, —h,Q%my, —h,Q*m; —h,Q*my, —h,Q*m; —h,Q*my, k., k, 0 ki, 0 0
0 0 0 0 0 0 0 00 OkyO
0 0 0 0 0 0 00 00 0Kyg|

(A11)
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where
Kot =Ky + Ky COSW K, = K, + 027K —2%m, (A12)
Koa =MeQ2(1); Koy =myQ°¢2(ry); (AL3)
ks =K +kgas ki, =—hok, (A14)

The horizontal, vertical and rolling stiffness of the mooring system in the stiffness matrix, are
obtained from the extended quasi-static model of mooring cable (Sannasiraj et al. 1998) and are

respectively expressed as
w(LT. —IT
Ky = _(ngHV
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