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Abstract

The present article investigates the coupled nonlinear dynamics of the offshore wind turbine
with the floating tension leg platform through numerical methods. The NREL 5MW wind
turbine installed on MIT/NREL Tension Leg Platform (TLP) is chosen as the floating offshore
wind turbine. The offshore wind turbine equation of motion is derived using Hamilton's
Principle, considering the floating platform surge, heave, and wind turbine's tower transverse
motions. The wind turbine tower is modeled using the Euler-Bernoulli beam theory, and the
effects of the platform surge and heave motions have been considered. Then, the Galerkin
method is applied to the derived partial differential equations of motion of the tower to reduce
them to a set of nonlinear ordinary differential equations. Afterward, by utilizing direct time
integration, the effects of the frequency and amplitude of wave forcing and the length of the
mooring lines on the floating wind turbine's global dynamics are studied. Finally, results are
depicted as the frequency response curves and the Poincare maps' bifurcation diagrams. The
phase-plane portraits, Poincare maps, and Fast Fourier Transforms (FFTs) highlight points of
interest in the parameter space.

Keywords: Floating offshore wind turbine; Wave loading; Nonlinear vibrations; Frequency

response; Bifurcation; Poincare” map section.



1. Introduction

Wind electricity generation will flourish to fulfill the global demand for clean, carbon-
free electrical energy generation. In the offshore areas, the wind blows steadier more vigorously
than in the lands. Inevitably, a large portion of generating clean, renewable, carbon-free wind
energy will be harvested from the offshore areas. In the near future, the offshore wind farm will
deliver electricity to the power grid and produce hydrogen from the seawater. The produced
hydrogen will be burned in power plants to provide the peak grid demand. Unfortunately, most
offshore wind energy is in areas with more than 50m water depths, which makes the traditional
bottom fixed platforms, such as the jacket and monopile, unfeasible solutions. Therefore,
inspired by the technologies developed in the previous decades in the offshore oil and gas
industries, spar-buoy, Tension Leg Platform (TLP), and barge floating platforms are devised to
deploy wind turbines in offshore areas. However, offshore wind energy on a floating platform
is a new technology with difficulties and complexity [1].

Installation of wind turbines in offshore areas has some benefits, such as eliminating the
visual and sound pollution of the wind turbines from urban areas, reducing some logistical
challenges such as the narrow roadways or tunnels, and feasibility of transport and installation
of enormous multimegawatt wind turbines. However, implementing wind turbines in offshore
areas on floating platforms presents many new challenges. Any changes in loads exerted by
waves or in the length of the mooring lines change the dynamics of the offshore floating wind
turbine. The exerted load on the offshore floating wind turbine changes according to the
working condition; for example, in a hurricane, the amplitude of the exerted loads due to the
wave or wind will significantly increase. The length of the mooring line may change to install
the floating platform in the sea with different depths. These changes alter the dynamics of the
offshore floating wind turbine. They may increase the probability of undesired vibrations and
consequently lead to the structure collapse due to the structure instabilities or fracture due to
the low and high cycle fatigue. Accordingly, studying the dynamics of offshore wind turbines

is a significant challenging problem.



Three floating concepts are proposed for the offshore wind turbine: spar-buoy, TLP, and
barge floating platforms. The spar-Bouy floating platform has a simple design and excellent
stability, but it is suitable for deep waters. Barge floating platforms are easy to assemble.
However, constructing a barge-type floating platform consumes large amounts of steel. The
TLP floating platform merits low mass and material consumption and provides excellent
stability and considerably lower fatigue loads than the other concepts. It is suitable for a wide
range of water depths. This platform consists of a floating platform moored to the seafloor via
the tensioned tendons. The TLP is considerably stiff in the vertical direction (Heave) due to the
tensioned mooring lines. Because the buoyancy of the platform held the TLP's tendons
tensioned. The TLP provides excellent stability and robustness at the expense of the high loads
on the mooring and anchoring system. Therefore, there are always concerns about the lifetime
of the tendons.

Developing mathematical models to study the TLP dynamics attracts many researchers.
on this subject, studying the TLP stochastic response [2], modeling a damaged TLP and
studying its response [3], floating wind turbines dynamic analysis considering the hull
flexibility [4], MIT/NREL Wind Turbine numerical modeling with TLP[5], setting up a
experimental scaled model and the numerical model for the GICON®-TLP platform [6]
smoothed particle hydrodynamics method implementation to study a TLP wind turbine [7],
evaluating the TLP dynamic response under second-order waves [8], analyzing stability of TLP
under marine environmental loads according to the connection angle of tendons [9], prediction
of tendon tension of TLP platform using quasi-dynamic method [10] and dynamic stability of
TLP tethers in case of vortex induced oscillations [11] have been done.

As aforementioned, the main shortcoming of the TLP is the high fatigue in the taught
tendons that provide the stability of the TLP. The pretension tendons of the TLP suppress the
wind and wave-exerted loads to the installed structure (in this case, the wind turbine).
Consequently, the tendons are expected to fatigue failures due to the unceasing oscillating load

of the wave and wind. Significant efforts have been conducted to study the vulnerability of the



TLP to fatigue failure, TLP fatigue reliability investigation [12], experimental evaluation of
support structures fatigue strength using large-scale test setups [13], Analysis of structural
damage by high-order wave loads to TLP [14], studying structural responses and fatigue
damages of a submerged TLP wind turbine in wind and waves [15] and accurately
assessment of both the impact behaviour and residual ultimate strength of dented TLP
structures [16] have been done.

The dynamics of the TLP platform, as well as the offshore wind turbine with the TLP
platform, have been studied by researchers in recent years. Square and triangular TLP dynamic
study [17], investigating the effect of the added mass fluctuation on vertical vibrations of the
TLP [18], dynamic modeling and loads analysis of an offshore floating wind turbine [19],
developing the mathematical model and investigation exerted loads on the offshore wind
turbine on a TLP [20,21], have been performed. Moreover, investigation of the tendon
dynamics effects on TLP response in random seas [22], using analytical methods to study the
coupled response of TLP [23], derive a closed-form solution for motions TLP surge motions
using the homotopy perturbation method [24,25], studying the effect of the added mass on the
offshore floating wind turbine heave vibrations [26], studying the coupled response of a TLP
[27], Response amplitude mitigation of the TLP [28] dynamic analysis of offshore structures
under seismic excitation [29] analyzing and horseshoes chaos controlling on TLP system [30]
have been done.

However, the interaction between the floating platform and the wind turbine complicates
the floating wind turbine. Experimental tests on the wave-induced response of a TLP supporting
a5 MW Wind Turbine [31] have been done in this regard.

Many efforts have been devoted to reducing the fatigue loads on the offshore floating
wind turbine and increasing the stability and reliability of the floating offshore wind turbine
through devising methods to attenuate the wind and wave-induced vibrations. Accordingly,
vibration suppression of spar-type floating wind turbine using passive vibration controller

[32,33], design and utilizing an optimal bidirectional mass damper for the offshore wind



turbines [34], and designing an active controller for vibration elimination of floating wind
turbine [35-37] have been performed. In addition, using the dynamics vibration absorber to
attenuate the oscillations of the offshore wind turbine with TLP [38], studying the effect of the
modified TLP in response in regular waves [39] and active vibration control for flexible towers
using reduced-order controller [40] have been carried out.

Wind turbine installation on a floating platform, such as a TLP platform, considerably
increases the complexity of the wind turbine in comparison with the fixed-bottom wind turbine.
Multi-directional wave loadings, the dynamics of the floating platform, and the connection
between the floating platform and the wind turbine complitican the offshore floating wind
turbine dynamics. The amplitude and the frequency of the wave loadings are indeterminate and
stochastic. The length of the TLP tendons may deviate from its nominal values according to the
water depth, which changes the platform surge and heave stiffness. Therefore, studying the
offshore floating wind turbine dynamics is crucial to avoid the structural failure due to high-
cycle or low-cycle fatigue and structural instabilities. According to the above discussions, in
this research, at first, floating offshore wind turbine equations of motion are derived considering
the coupling between the surge and heave degrees of freedom. The MIT/NREL TLP is the
floating platform for the NREL 5SMW wind turbine [41,42]. The wind turbine tower is modelled
using the Euler-Bernoulli beam theory considering the effect of the motions in surge and heave
direction in the tower equation of motion. Numeric simulations are carried out to investigate
the validity of the developed governing equations. Then, the time histories are compared with
those obtained from the National Renewable Energy Laboratory (NREL) FAST code [43].
Afterward, the system's steady-state response is studied by plotting the amplitude-frequency
response curves for the wave loadings in the surge and heave degrees of freedom (DOF). Then,
the effect of the forcing amplitude and change in the mooring lines' length on the floating wind
turbine's global dynamics is studied by constructing the bifurcation diagrams and the Poincare
maps. Then, attention is focused on interesting points of the bifurcation diagrams by plotting

the Fast Fourier Transform (FFT) plots, phase plane portraits, and time histories.



2. Coupled nonlinear dynamic model of the offshore wind turbine
Fig. 1 represents a schematic view of the NREL 5SMW wind turbine installed on the MIT/NREL
TLP. The weight of the offshore floating wind turbine is less than the exerted buoyancy force.
For that reason, the anchored mooring lines are in tension. As a result, the TLP is stiff in the
heave DOF. Conversely, in the surge degrees of freedom, the TLP is compliant. The heave
oscillations are due to the exerted vertical forces and surge degree of freedom. The pre-
tensioned mooring lines, prone to high cycle and low cycle fatigue, are the primary source of
the stability of the TLP. Therefore, the coupling between the surge and the heave degrees of
freedom should considered in modeling the TLP to have a better insight into the dynamics of
the offshore wind turbine. The model will be more accurate in predicting the dynamics of the
floating offshore wind turbine if the wind turbine tower is modeled as a continuous beam using
the Euler- Bernoulli beam. The motions of the platform in the surge and heave directions
impose forces on the wind turbine. Therefore, to consider the interaction between the wind
turbine and the floating platform, the effect of the platform motions should be considered. In
this section, the nonlinear dynamics of the floating wind turbine with a TLP floating platform

will be driven by considering the mentioned concerns.

2.1 Equations of motion

Floating wind turbine schematic view is depicted in Fig. 1. Surge and heave degrees of
freedom are considered to derive the governing equations of motion of the floating offshore
wind turbine. AZ Equals the motions of the TLP platform in the heave DOF, which is
composed of the heave displacement itself plus the heave displacements due to the coupling
between the surge and heave DOF.

The wind turbine tower is modelled as a uniform Euler-Bernoulli beam to derive the floating
offshore wind turbine equation of motion. The mass of the blades and nacelle is considered

as a rigid body with mass and rotational inertia at the tip of the tower. In the following



equations, L is the wind turbine tower length, EIl is the equivalent constant flexural rigidity,

and pA is the average linear mass density of the wind turbine tower. F;,q_ is the equivalent
wind exerted load to the top of the tower in surge (horizontal) direction, F;nq ~is the equivalent

wind exerted load to the top of the tower in heave (vertical) direction, M ;.4 is the equivalent

wind exerted moment to the top of the tower, F,,._ isthe equivalent wave exerted load to the
floating platform in surge (horizontal) direction and F,,., Is the equivalent wave exerted

load to the floating platform heave (vertical) direction. u=u(x,t), s=s(t), h=h(t) denotes

the transverse deflection of the wind turbine tower, platform motion in the surge (transverse)
degree of freedom, and motions in heave degree of freedom, respectively. The kinetic energy

of the floating wind turbine could be stated as:
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The variation of the work done by the exerted wind and wave forces could be written as:
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The Equation of motion could be obtained using Hamilton’s Principle as below:
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where t, and t, are any two instants in time, and o is the variation operator. After substituting

Eqg. (2) and Eq. (3) in Eg. (4) and finding variation regarding the system variables, then
conducting integration by parts and simple mathematical manipulations, yield the following

partial differential equations:
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Eq. (5) represents the dynamics of the wind turbine's tower as a partial differential equation.
Galerkin's method is implemented to discretize the equation of motions of the wind turbine

tower to study the offshore wind turbine dynamics. Therefore, the following expansion is used:

“:ZUi(X)Ui (t) (6)



In Eq. (7), the U (z) stands for the n-th eigenfunction for the transverse motions of the wind
turbine tower, and 7(t) denotes the n-th generalized coordinate. The modal equation of the

wind turbine tower transverse vibrations is obtained by multiplying Eq. (5a) by U, (x) and

then integrated along the length of the blade; the reduced governing equations of the offshore

wind turbine are achieved as follows [44]:
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In the above equation, Mg,y » Mpageeq, FEPresents the hydrodynamic added mass.

2.2 Model verification

The floating offshore wind turbine is installed on a soft and compliant platform (in
comparison with the bottom fixed wind turbine). Therefore, the contribution of the mode
shapes with the high frequency in the dynamics of the wind turbine tower will not be
significant [19]. Accordingly, for the sake of simplicity, only the first mode shape of the fore-

and-aft vibrations of the wind turbine's tower is considered. Therefore, we have:
u(zt)=p (z2)n(t) ®)

where 7 is the generalized coordinates in the fore-and-aft direction, and ¢, (z) is the mode

shapes of a cantilever beam as [44]:
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According to the reference [45], the equivalent stiffness matrix of the TLP platform could be

written as:
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where in the above equation:

10



3 n(To+A4T)sin&

Ky = 5 (12a)

K¢, =0 (12b)
1 2 4AE

Kin = =D +—— 12¢

i =5 D +— (12¢)

Khs :n(ATcosé’—(I—cosﬁ)]a) (12d)

where AT is the alteration in the tension of the TLP tendons, L is the length of the tendons,

6= E equals the tilting angle tendons due to the surge motions, A is the cross-sectional area

of the tendons, A—LE equals the extensional stiffness of the tendons, o stands for the water

density, D, represents the column of TLP. AT could be expressed as:
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Using Tylor expansion, we know:
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.Using the Taylor series for expansion about & = E ~0 triangular terms in Eq. (12) could be

approximated as:
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By substituting Eq. (14) and Eg. (15) in Eq. (12), and by simple mathematical

manipulations one has:
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Even though the derived governing equations of motion of the offshore wind turbine are
developed based on validated .pproaches, the derived governing equations should be validated
to ensure the following steps' validity. National Renewable Energy Laboratory (NREL) FAST
code, validated by many experimental examinations [46,47], is an efficient tool to solve the
floating wind turbine dynamics. FAST code utilizes Aerodyn, Hydrodyne, and MoorDyn to
calculate the exerted forces from the wind, wave, and mooring lines, respectively. The
Aerodyn code utilize the Element Momentum theory to estimate the wind-exerted forces [48].
Wave-induced forces calculated by potential flow theory and Morison’s Equation in
Hydrodyne code [49]. The overall external exerted force on the floating platform could be

expressed as [49]:

I:exrted = _Madded q+ I:wave + I:mooring (17)

where the F,.q iS @ vector of the exerted forces to the platform, M 4. IS @ matrix whose
components represent the hydrodynamic added mass of the system, F,.. is the vector
representing the exerted wave forces excluding the added mass forces, and Foqring is the

vector of applied force by the mooring lines. The forces exerted on the floating platform are
calculated using FAST code, as depicted in Fig. 2. In Fig. 2, the time history of the exerted
loads in the heave and surge directions to the top of the tower and its spectral decomposition
have been shown. The spectral decomposition is obtained via the FFT by applying the Hanning
window and subtracting the mean value. Similarly, the time histories of exerted loads to the

platform in the heave and surge directions are depicted in Fig. 3. The mean values of the
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signals are subtracted to calculate the spectra. The exerted force's mean value in the surge
direction results in the platform's static displacement. In the heave direction, the mean value
of the exerted force equals the tower weight and is approximately equal to the buoyancy force.
According to Table.1, in which the main parameters of the MIT/NREL offshore floating
wind turbine are presented, the stiffness matrix of the platform is calculated. According to
Table.2, the averaged value of the EI flexural rigidity is calculated by equivalenting the wind
turbine tower with a cantilever beam with a constant cross-section using the equation:

El, L = 464.53x10° N.m?

3 “‘J' L1><dXd dxdx (18)

In the above equation, El, is the flexural rigidity of the equivalent beam with a constant

cross-section. Mass density is calculated via the:

,OA — IVIT;zwer (19)

According to the calculated parameters, the developed governing equations of the motion
should be verified. Therefore, the time histories obtained through the numerical simulation of
Eq. (7) are compared with the results obtained from the FAST V8.0 code simulations. The
JONSWAP spectrum with a significant wave height of 6m and a peak spectral wave period of
10 s is utilized to generate an irregular wave profile. The offshore floating wind turbine is
considered exposed to the wind with a uniform wind profile with a speed of 15 m/s at 90m. In

this regard, according to the Table 1, 2, and 3, the parameters of Eq. (7) are assigned as

10’ N

Mioner = 347460 kg, M pyaorm =8600000 kg, Ky, =8.2x——, K =6.147x10° N / m.

The comparison of the obtained time histories for the developed model in Eq. (7) with the time
histories calculated via the FAST code is depicted in Fig. 4 . Accordingly, the developed model
has an acceptable accuracy in representing the dynamic of the floating offshore wind turbine.

According to Fig. 4, the suggested model demonstrates acceptable accuracy when predicting

13



the vertical oscillations of the floating offshore wind turbine. According to the calculated
stiffness, the natural frequency of the floating offshore wind turbine can be calculated through

the following equations:

Ogrqe = K
o Mp + mpadded + My
S
(20)

Kh
Oheave =
Mp+Mp o (o) +Mmyr

In the above equation, Mp,ggeq, aNd Mp,ggeq, rEPresent the added mass in the surge and

the heave DOF. Corresponding values equal to its value at a frequency equal to <o, are
assigned according to Fig. 5. Using Eq. (20), the natural period of the floating offshore wind
turbine is calculated as 2.6s and 60s in the heave and surge degrees of freedom.
3 Amplitude-frequency responses for sinusoidal sweep
In this section, to investigate the offshore wind turbine’s dynamic, the impact of the
variations of the primary pa.ameters, including the magnitude of the exerted wave force in the

surge DOF, the impact of the coupling stiffness, K, and the impact of the damping in the
surge DOF on the frequency response of the offshore wind turbine is studied. According to Eq.
(17), the value of the coupling stiffness depends on the length of the tendon L, which may
change to comply with the sea depth. The K and the K,, have nonlinear terms. Therefore,
the effect of the wave forcing amplitude in the surge direction, the consequence of the variation
in the coupling stiffness, K, and the platform damping in the surge DOF have interesting
phenomena. In this regard, the frequency response curve is calculated by plotting the system
amplitude versus the freque.cy of the excitation force [51-53]. The frequency increment is set
to 4w =0.0001 during the calculation of the frequency response curve. The frequency response

curve for the surge, heave, and deflection of the wind turbine’s tower is depicted in Fig. 6 for

the wave forcing in the surge direction while the other excitations are set to zero. Accordingly,
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it can be deduced that as the magnitude of the wave force is raised, the amplitude of the motions
increases.
Moreover, the dynamics of the system exhibit more complexity. As shown in Fig. 6, more

jump phenomena were seen .n the frequency response as the forcing amplitude increased. Black
arrows indicate the jump phenomenon and its direction. For the forcing amplitude 20F,,. ,
two jump phenomena are observed for w=0.0558 Hz and @ =0.2203Hz ; however, for the
forcing amplitude F,,,., the jump phenomenon occurs only for @=0.1157 Hz. Another
interesting observed phenomenon is the frequency shift at which the jump phenomena occur as

the forcing amplitude shifts. For the forcing value F,,,., the jump phenomenon occurs at

®=0.117, but as the forc.ng amplitude increases to, the frequency of the jump 20F,.

phenomenon shifts to 0.2202Hz .

The damping effect on the surge motions’ frequency response of the offshore wind turbine is
shown in Fig. 7. As expected, the magnitude of the vibrations decreases as the damping
increases.

The effect of increasing the coupling stiffness between the surge and heave motion on the

dynamics of the offshore wind turbine is studied in Fig. 8. The increase of the K¢ occurs if

the length of the mooring line decreases from its nominal values. As it is observed, the effect
of the coupling stiffness on the surge motion is not significant. However, as the coupling
stiffness increases, the heave motions' amplitude increases considerably. The dynamics of the
tower deflection is also affected by the increase in coupling stiffness. However, it is not

significant.

4 Bifurcation Diagrams & Analysis
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This section is devoted to studying the effect of the variation in the main offshore wind
turbine's parameters on its dynamics by plotting the bifurcation diagrams and the Poincare
maps. A sudden change in the system response to a change in a parameter is called the
bifurcation phenomenon. In order to plot the bifurcation diagram, a certain measure of the

system’s generalized coordinate is plotted against the variation of one of the system’s

. I:waves

parameters, called the bifurcation parameter. Throughout this section, f 2 5x10°
O X

2.5x10° is the maximum amplitude observed in the spectrum of the exerted wave loading to

Fwaveh

the floating platform in the surge direction, according to Fig. 3. Similarly, the f,, = —1 105"
O X

loading tomaximum amplitude observed in the spectrum of the exerted wave the is 1.5x10°
the floating platform in the heave direction, according to Fig. 3.

The effect of the wave force amplitude in the surge DOF on the dynamics of the offshore
wind turbines is studied by plotting the bifurcation of the Poincare section in Fig. 9 and setting

other excitation forces to zero. As is seen in Fig. 9, a sudden increase in the amplitude occurs
in 1.974. Similarly, at the f, =51.08 , a jump in the amplitude of the vibration occurs. Only
periodic attractors are observed in the range of f; = [0.00171.64]. However, for f,>71.64 ,
chaotic motion is observed. Typical chaotic characteristics of the motion is depicted in Fig. 10
for f, =83.

The effect of the wave f.rcing amplitude in the heave direction on the dynamics of the
offshore wind turbines is depicted in Fig. 11. There is only one attractor until, f, =9.056
where the motion exhibits chaotic characteristics. Afterward, until the f, =22.33 the system's

dynamics exhibits the periodic motion with multiple periodic attractors, the number of which

changes as the forcing amplitude changes. The system exhibits chaotic motion in the interval

f, =[22.3326.09]. However, there are some narrow intervals with periodic motions with
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multiple attractors. In the interval f, = [26.09 39.28], system characteristics changes from the

chaotic motion to the periodic motions with multiple attractors, the number of which changes
as the forcing amplitude changes. In the interval f, =[39.2840], the system again exhibits
chaotic motions with narrow intervals of periodic motions. The characteristics of typical
chaotic motion is depicted in Fig. 12 for f,, =9.375.

The equivalent stiffness of the floating platform would reduce from its designed nominal
values if the length of the mooring line increased. In Fig. 13, the impact of the 30% length

increase of the TLP mooring lines on the dynamics of the offshore wind turbine is studied. As
shown in Fig. 13, only one periodic attractor exists for the interval fg = [074.26]. However,
some jumps in the amplitude of the vibration exist. The system exhibits quasi-periodic
dynamics for the interval f; =[74.2691.65]. Compared with Fig. 9, which is the original
system, the chaotic motion is postponed with the reduction in the stiffness of the mooring lines.
Typical quasi-periodic characteristics of the motion is demonstrated in Fig. 14 for f, =85

In Fig. 15, the effect of 30% length increase of the TLP mooring lines on the system
dynamics in the case of wave loadings in the heave (vertical) direction is investigated.
Compared with Fig. 11, the system's dynamics change with this increase in the length of the

mooring lines. The most important changes in the dynamics of the offshore wind turbine are

the occurrence of the chaos [54] for the intervaland the chaotic motion f =[16.818.24]
elimination for f, =9.375. The characteristics of typical chaotic motion is demonstrated in

Fig. 16 for f, =17.3.

It is interesting how the offshore wind turbine dynamics are affected if the length of the
mooring line is reduced. According to Eq. (12), as the tendons length is reduced, the equivalent

stiffness of the TLP will increase. The dynamics of the offshore wind turbine are investigated
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in the case where the length of the mooring lines is decreased by 50% from its nominal values

through the plotting Poincare points bifurcation diagrams, which are depicted in Fig. 17.

Accordingly, in comparison with Fig. 9, the chaotic motions occur in considerably lower f,
values. The chaotic motion is observed for the interval f; =[17.235.4]. However, there are

narrow intervals with periodic motions with multiple attractors. In the interval f, = [35.443.3]

, the periodic motion with three attractors is seen, but there are more significant number of
periodic attractors for narrow intervals. For the interval F; =[44.464] , the regions with
chaotic and periodic motion with multiple attractors are again seen.

Interestingly, for the values f,>79.7,. system has only one periodic attractor.
Accordingly, the system's dynamics significantly change with the increase in stiffness, and the

chance of chaotic motions is increased for smaller f;. A typical period-3 oscillation for

f, =39.84 characteristics is s.own in Fig. 18.

Fig. 19 depicts the mooring lines' length reduction effect on the Poincare point’s

bifurcation. Compared with Fi 11, the stiffer mooring lines considerably affect the system's

dynamics. For example, there is a chaotic region for f, =[16.2717.93], where, according to

Fig. 11, for nominal TLP the.e are periodic attractors. The characteristics of typical chaotic

motion is demonstrated in Fig. 20 for f, =16.2.

Finally it should be mentioned that in this section, and through the analysis of parameters’
influence, to demonstrate and study the nonlinear phenomena (such as quasi-periodic
oscillations, chaotic oscillations and etc.), large values for parameters are also used (for only
analytical purposes, similar to several investigations in this area, like those in [54]). However,
large theoretical values of some parameters may not occur in realty or in the case of the

consequence of large vibration amplitudes, the structure of the offshore wind turbine may
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collapse under such condition. Therefore, the results of this investigation can be also used as

some preliminary remarks before the implementation of the design in practice.

Conclusions

This paper studies the nonlinear dynamics of the floating offshore wind turbine. In the
first step, the floating offshore wind turbine governing equation is derived considering the
coupling between the surge and heave degrees of freedom. The MIT/NREL TLP is the floating
platform for The NREL 5MW wind turbine. The wind turbine's tower is modelled using the
Euler-Bernoulli beam theory, which considers the effects of the floating platform movements
in the heave and surge directions. Then, the derived model is verified via FAST code.
Afterward, the floating offshore wind turbine dynamics are studied by plotting the amplitude-

frequency response curves:
e The dynamics of the offshore floating wind turbine are considerably affected by

the amplitude of the wave forcing in the surge direction.

e Adding damping reduces the amplitude of the wave-induced motion considerably.

e The coupling stiffness between the surge and heave directions, K., affects the

motion dynamics in the surge directions. By increasing the stiffness value of K
to 4 times, the range of motion in heave direction can be increased by about 5
times. The value of K¢ will increase by reducing the length of the mooring lines

of the TLP floating platform. Therefore, the change in the length of the mooring
lines will require.a more detailed investigation.

Afterward, the forcing amplitude effect and the mooring lines length change on the
floating wind turbine's global dynamics are studied by constructing the bifurcation diagrams
and Poincare maps and plotting the FFT plots, phase plane portraits, and time histories in the
interesting points. According to the carried out numerical results, the subsequent remakes are

concluded:
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e As the wave forcing amplitude in the surge and heave directions is increased, the
chance of the quasi-periodic and chaotic oscillations is increased.

e The quasi-periodic and chaotic oscillations occur in the lower amplitude of the
wave forcing in the heave direction compared with the wave forcing in the surge
direction.

e The chance of the quasi-periodic and chaotic oscillations is increased as the TLP
mooring line length is reduced.

Therefore, it is strongly advised to investigate the floating offshore wind turbine
dynamics according to the environmental conditions, such as the wave height and the length of
the tendons (mooring lines), to avoid devastating quasi-periodic and chaotic oscillations. This
investigation suggests that other concepts of floating offshore wind turbines could also be

analyzed similarly
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Fig. 1. Floating wind turbine schematic view
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Fig. 11: Bifurcation diagrams of Poincaré points for increasing the wave forcing amplitude in
the heave direction for (a) surge motions of the offshore wind turbine (b) heave motion (c)
deflection of the tower of the offshore wind turbine
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plane diagram of the surge motion; (b) Poincaré section of the surge motion, (c) FFT of the

surge motion and (d) time history of the surge motion.
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Fig. 13: Bifurcation diagrams of Poincaré points for increasing the wave forcing amplitude in

the surge direction with 30% increase in the length of the mooring lines for (a) surge motions
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of the offshore wind turbine (b) heave motion (c) deflection of the tower of the offshore wind
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Fig. 14: Quasi-periodic oscillation for the floating offshore wind turbine with 30% increase in

the length of the mooring lines at f, =85; (a) phase-plane diagram of the surge motions; (b)

Poincaré section of the surge motions, (c) FFT of the surge motions and (d) time history of the

surge motions.
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Fig. 15: Bifurcation diagrams of Poincaré points for increasing the wave forcing amplitude in
the heave direction with increase in the length of the mooring lines for (a) surge motions of

the offshore wind turbine (b) heave motion (c) deflection of the tower of the offshore wind

turbine
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Fig. 16: Chaotic oscillation for the floating offshore wind turbine with 30% increase in the

length of the mooring lines at f,, =17.3; (a) phase-plane diagram of the surge motion; (b)

Poincaré section of the surge motion, (c) FFT of the surge motion and (d) time history of the

surge motion.
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Fig. 17: Bifurcation diagrams of Poincaré points for increasing the wave forcing amplitude in
the surge direction with 50% decrease in the length of the mooring lines for (a) surge
motions of the offshore wind turbine (b) heave motion (c) deflection of the tower of the

offshore wind turbine
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Fig. 18: Peridos-3 oscillation for the floating offshore wind turbine with 50% reduction in the
length of the mooring lines at f, =39.84; (a) phase-plane diagram of the surge motions; (b)
Poincaré section of the surge motions, (c) FFT of the surge motions and (d) time history of the

surge motions.
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Fig. 19: Bifurcation diagrams of Poincaré points for increasing the wave forcing
amplitude in the heave direction with 50% reduction in the length of the mooring lines for (a)
surge motions of the offshore wind turbine (b) heave motion (c) deflection of the tower of the

offshore wind turbine
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Fig. 20: Chaotic oscillation for the floating offshore wind turbine with 50% reduction in the
length of the mooring lines at f,, =16.2; (a) phase-plane diagram of the surge. motion; (b)

Poincaré section of the surge motion, (c) FFT of the surge motion and (d) time history of the

surge motion.

Table. 1. Summary of the properties for the NREL 5 MW baseline wind turbine [41].

Rating (MW) 5
Rotor orientation, configuration Upwind, 3 blades
Control Variable speed, collective pitch
Drive train High speed, multiple-stage gearbox
Rotor, hub diameter (m) 126, 3
Hub height (m) 90
Cut-in, rated, cut-out wind.speed (m s—1) 3,11.4,25
Rotor mass (kg) 110,000
Nacelle mass (kg) 240,000
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Tower mass (kg) 347.460
Blade second mass of inertia with respect to 11776047
root (kg.m2)
Location of the tower center of mass 38.23
Location of overall center of mass of the 0.2 m upwind of tower centerline, 64.0 m
WT above still water level (SWL)

Table. 2. Distributed tower properties of the NREL 5 MW baseline wind turbine [41].

Elevation (m) Mass density (kg / m) Tower fore-aft stiffness
(N)

0.00 5590.87 138.13E+9
8.76 5232.43 129.27E+9
17.52 4885.76 120.71E+9
26.28 4550.87 112.43E+9
35.04 4227.75 104.45E+9
43.80 3916.41 96.7E+9

52.56 3616.83 89.36E+9
61.32 3329.03 82.25E+9
70.08 3053.01 75.43E+9
78.84 2788.75 68.90E+9
87.60 2536.27 62.66E+9

Table. 3. Summary of the properties for the MIT/NREL floating platforms [42].

Diameter or width x length (m) 18
Draft (m) 47.89
Mass (kg) 8600000
CM location of the platform below SWL 40.61
(m)

Number of mooring lines 8 (4pairs)
Depth to fairleads, anchors (m) 47.89, 200
Radius to fairleads, anchors (m) 27, 27
Unstretched line length (m) 151.7
Line extensional stiffness (N) 1,500,000,000
Platform added mass in the surge 9E+6 kg
direction(kg)
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