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ABSTRACT

Floating Offshore Wind Turbines (FOWT’s) are subjected to different types of
dynamic loads such as environmental loads (wave and wind), aero-structure
interaction loads and mechanical loads (inertial and controller effects). These loads
induce vibrations in the WT mast that are transmitted in the floating foundation
and mooring lines, increasing the overall ultimate loads and fatigue cycling.

In this paper the potentiality of a passive nonlinear mechanical system for the
reduction of WT mast vibrations is studied. This kind of absorber called Nonlinear
Energy Sink (NES) is based on the energy pumping phenomenon.

The feasibility and efficiency of the absorber is first demonstrated by means of a
simplified full-scale numerical model composed of two degrees of freedom, one for
the WT mast (first bending mode) and one for NES.

Then, an equivalent reduced scale model is considered and analyzed by
numerical simulations and experiments.
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The study is concluded with the sizing of an optimized absorber for the full-
scale system. Some sensitivity analyses considering variations of the mast
structural characteristics (stiffness and structural damping) are performed to
investigate the NES efficiency limits, confirming the performances of the NES:
reduction of vibratory level around 8-10 dB over a large range of functioning
loads.
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1. INTRODUCTION

(AlD)

2. BACKGROUND

2.1. Dynamics of floating offshore wind turbine

Modal behavior of wind turbines: results of FEM modal analysis performed on
DTU10MW (in onshore configuration) and discussion.

Impact of boundary condition and added mass (WT fixed on floating structure) on first
modes.

(Riccardo)

Description of sources of dynamic excitation of floating wind turbines:

e interaction rotor-mast generating load at frequencies 1P, 3P, ...

e environmental loads (waves and wind)
and impact on the design of FWT’s.
Presentation of Cambell diagram of a FWT, different design philosophies for the mast
of a generic WT (stiff-stiff, soft-stiff and soft-soft) and discussion on the best choice for
floating offshore application (stiff-stiff)

(Thomas)

2.2. Energy pumping and NES

Description of theory of energy pumping and NES and their main applications.
[...] Conclude this general overview with the current NES technology:
(Emmanuelle et Pierre-Olivier)
Here, a bistable NES based on a buckled plate with length /y, height /4y and thickness

ey will be used. This plate supports a concentrated mass Mp at its mid-length. The whole
apparatus is maintained and attached to the structure by a rigid support with mass Ms as
depicted in Figure 1.
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Figure 1. Bistable NES sketch. (a) Lateral view (b) Plate cross-section dimensions
(c) Top view of buckled plate stable positions.

3. MODELLING AND SIMULATIONS



In order to have fast computations, simplified models are used for simulations.
Hence, the next sections present first the studied wind turbine and some of its dynamics
characteristic; then, the reduced wind turbine model and the associated NES model
equations are provided before showing results for a full scale model and a reduced
(experimental) model.

3.1. Wind turbine

Description of the wind turbine DTUI0MW: main characteristics, rotation speed, thrust
and power curves.

Results of preliminary simulations in FAST for the characterization of dynamic loads
(in particular harmonic excitation at 3P frequency)

(Riccardo)

3.2. Wind turbine with NES model

Excitation sources have very low frequencies compared to the turbine modes higher
than 1. Hence, a simple model for whole WT is built considering only 1 dof (degree of
freedom). To this end, the turbine geometry is first simplified: the mast is represented as
a beam with length %, and square section (inside and outside lengths denoted b; and b;
respectively) and the turbine at its top end is reduced to a concentrated mass My
undergoing a harmonic force F(2)=A cos(wt) as depicted in Figure 2.
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Figure 2 Reduced turbine model. (a) Original geometry, (b) Simplified model including
the NES (red line).
The lateral deflection w(x,#) along the beam is then governed by the following
equation (assuming an Euler-Bernoulli model):
o*w

()  EIZ%

+ (pS + M6, (x) + MN6xN(x)) ?:TVZV = Oy, (x)A cos(wt) (t)

where E is the beam material Young modulus, p is its density, S=b,’-b, the beam cross-
section area and I:(b24—b 14)/] 2 1ts second moment of area, My is the total mass of the
NES apparatus and o, denotes the Dirac distribution at point x. Beam section
dimensions b; and b, were chosen so that the total mass is equal to total mast mass and
that the second moment of area of the beam is equal to the one of the mast at middle
height £,/2.

The second step to obtain the final beam model is to reduce the displacement field w to
be proportional to the first eigenshape of the beam alone, ¢(x): w(x,t) = @(x)u(t). When
introducing damping 5, Equation (1) becomes:



(2) mpiltug utkgu = ¢p(xg)Acos(wt)

4
with my=pS-+My ¢ (x)+My ¢'(xy) the dynamic mass and ks = f," EI 22 ¢ dx the
dynamic stiffness.

After a few transformations and assumptions [2], the bistable NES behavior can be
described as follows:

(3) myG+pyqg+hkyFul@) =0
where my, uy and ky=(2r fy)’ are the dynamic mass, damping and stiffness
respectively. my = (3/8) pnSnily + M,; uy and ky are identified experimentally.
Coupling both structures gives:
) {mB U+pp utkgu — uy (G — p(xp)t) — knFri(q — pey)u) = ¢ (xp)A cos(wt)
my G + un(q — p(xp)it) + kyFri(q — pxy)u) =0
3.3. Full scale model simulations
Model described in Equation (4) is simulated using a Mathematica code for various
excitation frequencies w and amplitudes 4 when considering the full scale model.
NES dimensions were chosen based on the NES studied in [2] with a X70 scale
factor. They were then manually adjusted to find a first satisfying results set.
Numerical values used for these simulations are given in Table 1. An optimization
process will be applied later to the NES parameters in Sec. 5.1.

Lengths and Turbine mass

L=xr=943m xr=93.5m xy=93.5m Mr= 675000 kg
Beam properties
E =210 GPa p=7800 kg.m™ b;=7.448 m b,=7.529m
up =2x%0.052x f)
NES properties
Iy=7m by=0.35m hy=0.35m ex=710"m
Ey=200 GPa pv=7800kg.m”>  fy=0.55Hz wuy =2%0.02527 f)
Mp=1300kg Ms =14 000 kg

Table 1. Numerical values for full scale model.

These values give a first eigenfrequency fz = 0.477 Hz for the beam plus turbine
mass alone which is very close to the real problem first eigenfrequency (0.48 Hz). NES
first eigenfrequency is taken equal to 0.55 Hz that is higher than the structure one with a
relatively small damping rate (2.5 %). The frequency response function (FRF) is
displayed in Figure 3(a): as expected the NES becomes active when excitation
amplitude is large enough and “cuts” the structure response amplitude for a wide range
of frequencies. Figure 3(b) displays the ridge curves for simulations with and without
the NES being active (its added mass is always considered): for each excitation
amplitude, the maximum value of the structure response amplitude over the whole
frequency range is displayed. As expected, the ratio structure response over excitation
amplitudes is constant when the NES is inactive, hence, the model is linear. When the



NES is active however, a reduction up to 9 dB is obtained which is very encouraging
and justifies the rest of the study.
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Figure 3.Full scale model results: (a) FRF (b) ridge curves with and without NES.

3.4. 1:100 scale model simulations

The next step will be to validate numerical results using an experimental set-up. As a
full scale experimental campaign would be very costly to realize, a 1:100 scale model is
first numerically designed before being experimentally tested.

Using a dimensionless abscissa s=x/L and displacement v(s,)=w(sL,t)/L, Equation
(1) becomes, when divided by pSand putting the NES added mass aside:

El 8* M o* A
(5) —Eat (1 + p_sl‘sw(s)>a_5 = 85,(5) 5y cos(wt) ()

Now, to build a reduced model with p’, E’, I’, L’, S’, M7’, My’ and A’ characteristics
with preserves added mass ratio, first eigenfrequency and external loading one has to
satisfy the following three equations:

My _ Mg El _ E'l A A

(6) pSL ~ p'S'L! ° psLt T p's'L'4 an oSL  p's'L
As the beam material is steel for both full scale and reduced scale models (E=E"’, p=p’),
one gets the properties for the equivalent beam with plain rectangular section (length L,
width 4’ and thickness e’ displayed in Table 2.
NES properties are chosen by starting from values described in [2] and modifying
them until a satisfying result is obtained.




Lengths and Turbine mass

L'=x;'=128m xp'=126m xy'=120m M7’ =0.8kg
Beam properties
E’=210 GPa p'=7800 kg.m™ h'=510"m e'=210"m
us’ =2x0.0527 f3)
NES properties
Iy’=0.102 m by’=0.6 10" m hy’=0.01 m ey’=0210"m
Ey’ =200 GPa oy’ =7800kg.m™>  fy'=0.54 Hz v’ =2%0.026(27 fy)

Mp'=1210" kg Ms=13010" kg
Table 2. Numerical values for reduced (1:100) scale model.

Results obtained for this reduced scale model with values in Table 2 are presented in
Figure 4.This configuration provides a beam vibration amplitude reduction up to 11 dB.
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Figure 4.Reduced scale model results: (a) FRF (b) ridge curves with and without NES.

4. EXPERIMENTAL VALIDATION

The objective of this section is to validate the promising results obtained numerically

using an experimental set-up.

4.1. Experimental set-up and test program

A beam with plain rectangular section close to the one designed and tested in Sec.
3.4 is used. Its real parameters are provided in Table 3 along with NES and other
parameters. It is to be noted that, for instrumentation purpose, the beam is horizontal

rather than vertical.



Lengths and Turbine mass

Lf=13m ¥ =0945m x=126m xx*=128m  M;=0.802kg
Beam properties
E°=210 GPa p°=7800 kg.m™ °=310"m ¢=410"m
us=2x0.008(27 fz) f3°=1.1353 Hz
NES properties
I =0.12m by’=210"m hy¢=0.05m ex’=0.510"m
Ey’ =200 GPa oy’ =7800kg.m”  fy=4.25Hz un“=2x0.02(27 fx°)

Mp' =23 10" kg Ms =80 10" kg

Sensors locations

Xur=0.078 m Xu3=0.512m X3 =0.945m xuv=1352m
Table 3. Numerical values for experimental set-up

Figure 5 shows a photo as well as a sketch of the experimental set-up. An excitation
is applied at the bottom of the beam using a type 4810 Briiel & Kjar shaker associated
to a type 2706 Briiel & Kjer amplifier. Three laser displacements sensors (Keyence LK-
G32, LK-G82 and LKG-152) monitor the excitation induced displacement up, an
intermediate beam displacement uz and the NES displacement uy respectively. Finally,
a Polytec PSV-400 laser vibrometer driven by an OFV-400 controller measures the
beam velocity vz closer to the mass.

LK-G82 LK-G32
e Xug Xy, /
Z
I: . :I . L] .
x;.B xF

P5V—-400 %

Figure 5. Experimental set-up: (a) photo, (b) sketch with important abscissa.

A first series of tests are run with white noise excitation with small amplitudes 4 so
as to stay in the linear regime. First, the configuration is as depicted in Figure 5 and the
excitation amplifier is set to 4 = 0.1 V. This provides the beam dynamical properties f3°
= 1.13 Hz and up° (as well as higher modes) but the NES first mode does not appear as



can be seen on Figure 6(a). Then the beam is excited but without the turbine mass My
and still very small excitation amplitudes (4 = 0.025 V). Removing the mass M7 makes
the beam eigenfrequencies higher and let the NES first mode appear (cf. Figure 6(b)).
Hence, its dynamical properties fy° = 4.25 Hz and uy° can be identified.
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Figure 6. Experimental FRF for (a) complete structure and (b) structure without Mr.

These first measures indicate that the NES first frequency is higher than expected
(about 3 times the beam first mode).

4.2. Results of the tests with white noise excitation

Results of white noise tests varying excitation level for configuration 2: observation of
vibration reduction (pumping) on the 2" mode of the beam.

4.3. Results of the tests with sinusoidal excitation

Results of sinusoidal excitation tests on configuration 1 and 2 for different levels of
excitation, tuning of numerical model (determination of tension/applied force ratio) and
comparison experimental/numerical results.

(Emmanuelle et Pierre-Olivier)
5. OPTIMIZATION OF THE NES AND SENSITIVITY STUDY
5.1. Optimal sizing of NES

Numerical results of pumping with optimized NES.



5.2. Sensitivity analysis on structural parameters of the WT mast

Numerical results for different stiffness and different structural damping of the mast.
(Emmanuelle et Pierre-Olivier)

6. CONCLUSIONS
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