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Complex but negligible: non-linearity of the inertial coupling
between the platform and blades of floating wind turbines

Richard C Lupton®*, Robin S Langley®
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Abstract

Approximate linearised models can be important for preliminary design of floating wind turbines,
but their value depends on how well they approximate the real-world non-linear behaviour. This
paper focuses on the non-linear inertial coupling between motion of the floating platform and
the blade dynamics, using a simplified model to demonstrate how the inertial coupling works,
and systematically studying the linearity of the dynamic blade response to different directions,
amplitudes and frequencies of motion. Simplified equations of motion are derived and approx-
imately solved analytically, showing that the blade response contains harmonics at a range of
frequencies, some linear and some non-linear in the amplitude of the platform motion. Com-
parison to numerical simulations shows that the analytical results were qualitatively useful but
inaccurate for large platform motions. Because of the multiple harmonics in the response, there
are more combinations of rotor speeds and platform motions leading to large resonant blade
responses and non-linear behaviour than might be expected. Overall, for realistically low rotor
speeds and platform frequencies (below 20 rpm and 0.2 Hz), non-linear inertial loading due to
platform motion should be negligible. The implications of this work for the use of linearised
structural models and the relevance of scale model testing are discussed.

Keywords: floating wind turbines, wind energy, non-linearity, frequency-domain modelling,
structural dynamics, resonance.

1. Introduction

In preliminary design, approximate linearised models are attractive because they allow a
broad range of designs and conditions to be explored — but they are only useful to the extent
that their conclusions apply to the real-world non-linear system. The structural dynamics of
a floating wind turbine — with flexible blades, in a rotating rotor, on a moving platform — are
certainly complex and non-linear in theory, but is the non-linearity important in practice?

Linearised methods have been used for modelling stall-regulated turbines [1, 2], offshore
turbines [3], and initial design of foundations [4] and blades [5]. For floating turbines, they
have been used to study a wide space of possible concepts [6] and to test the effect of wave
energy converters on spar platforms [7].

There are many sources of non-linear behaviour in floating wind turbines, from the aero-
dynamic and hydrodynamic loading to the control system behaviour. The importance of some
of these have been studied. Non-linear hydrodynamics have been found to be negligible under
some conditions [8, 9], while other non-linearities are more significant but can be approximated,
such as in the aerodynamic loads and the control system dynamics [10], and viscous drag forces
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Figure 1: Simplified model of the floating wind turbine, showing types of platform motion.

on submerged structures (e.g. [11]). However, the conditions under which non-linearity in the
structural dynamics is important have not been established.

In this paper we propose to focus specifically on one part of this, the non-linear inertial
coupling between the motion of the platform and the blades. We use a simplified model of a
floating wind turbine to systematically study the dynamic blade response to different directions,
amplitudes and frequencies of prescribed platform motion. Previous preliminary results [12] are
extended to cover all directions of platform motion, and identify the conditions under which non-
linearity in the structural dynamics is likely to be significant. Specifically, the contributions of this
paper are as follows. First, simplified equations are derived for the flapwise and edgewise blade
response to each rigid-body platform motion, and approximate analytical solutions are found,
which give qualitative insight into the non-linear response (Section 2). This predicts the blade
responses will contain harmonics at a range of frequencies, some linear and some non-linear in
the amplitude of the platform motion. Then, the response of the simplified non-linear model to
each platform motion is numerically simulated over a representative range of frequencies and
amplitudes, to compare against the analytical solutions, showing that they were qualitatively
useful but inaccurate for large platform motions (Section 3). Summarising the combinations of
rotor speeds and platform motions that lead to large resonant blade responses and non-linear
behaviour shows that there are more than might be expected because of the multiple harmonics
in the forcing (Section 4). Finally, the implications of this work for the use of linearised structural
models and the relevance of scale model testing are discussed (Sections 5-6).

2. Simplified model

To isolate the effect of platform motion on the structural dynamics of the wind turbine, a
simplified model is set up of a flexible turbine subject to prescribed motion in one of its 6 degrees
of freedom: surge, sway and heave (translation in the x, y and z directions) and roll, pitch and
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Figure 2: The simplified model of a floating wind turbine showing the flapwise blade response to platform pitching
motion. The coordinates are the platform pitch angle ¢, the rotor azimuth angle 6, the blade flapwise deflection o and
the blade edgewise deflection .

yaw (rotation about the x, y and z axes respectively). The flexible blades are represented by
rigid beams hinged to the hub in the flapwise and edgewise directions, with hinge stiffnesses
chosen to reproduce the first flapwise and edgewise natural frequencies of the blade (Figure 1).
The flexibility of the tower is neglected and the rotor speed is assumed constant.

In this section the equations of motion of this simplified non-linear model are derived, before
finding an approximate analytical solution for the blade response to prescribed platform motion.

2.1. Equations of motion — large rotations

The equations of motion are derived separately for flapwise and edgewise deflection of the
blades, leading to two independent one-degree-of-freedom equations. This is an appropriate
simplification if the deflections are small, but neglects the possibility of non-linear coupling be-
tween these two motions.

The particular case of platform pitch motion, shown in Figure 2, will be used as an example.
In this case there are four coordinates, which are labelled in the figure. The rotor speed 0(t)
and platform pitch angle ¢(t) are prescribed, leaving the blade deflection angle a(t) or f(t) as
the only degree of freedom. The equations of motion are derived by first finding the kinetic and
potential energy functions, and then using Lagrange’s equations to find the equations of motion
for general platform motion, before substituting for the particular case of harmonic platform
motion, with amplitude A and frequency w, and constant rotor speed 6(t) = Q¢. The derivation
is illustrated for the case of platform pitching motion in Appendix A, and the resulting equations
for all types of motion are given in Appendix B. In total there are 12 equations of motion, for the
flapwise and edgewise responses to the 6 types of platform motion (Figure 1).



2.2. Equations of motion — small rotations

It is useful to simplify the full equations of motion by assuming small blade deflections and
small platform rotations. Specifically, terms are kept to first order in «, f, and the platform
motions. Again using the case of pitching motion of the platform as an example, Appendix A.5
shows the derivation of the simplified equations of motion. The result is an equation in which
individual contributions can be more easily identified:

. 1 1
a+ a)]% + 0? +¢° )Lhcos@+§cos29—5)—&9@50}0{

S~—— S~ S——
flap centrifugal centrifugal stiffness gravity
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= Agp +24Qsinf— G(Ah+cosh) (1)

~—— — ————
out-of-plane Coriolis platform acceleration
gravity load force force

which after again expanding the constant rotor speed, 8(t) = Qt, and the harmonic pitching
motion, ¢ = Asin wt, becomes:

a+ (p]% — Ag cos Qt) a = AA (g + ho?) sin ot

+ (%) [(a) +2Q) sin(w + Q)t + (w — 29Q) sin(w — Q)¢

A 2
—-a (Tw) {2Ah cos Ot + cos 20t — cos 2wt — 1
+ Ah[cos(2w + Q)t + cos(2w — Q)t]

+ % [cos 2(w + )t + cos 2(w — Q)t}} 2

where all terms containing the platform amplitude A have been moved to the right-hand side,
and the flapwise and edgewise natural frequencies including centrifugal stiffening are written

as
Pr =4 [co]% + Q2 (3a)

Pe = We (3b)

The equation of motion is non-linear due to the interactions between the response « and terms
related to the forcing Asinwt. The corresponding simplified equations for the other types of
platform motion are given in Appendix C.

2.3. Perturbation solution

The equations of motion derived above may be solved numerically, or with further approxi-
mation they may be solved analytically. In this section the perturbation method is used to find
an approximate solution.

The equations of motion for small deflections, such as Equation (2) above for platform pitch
and Equations (C.2)-(C.6) in Appendix C for the other platform motions, have a general form



with a force appearing on the right-hand side of the equation dependent on the current blade
deflection:

x(t) +p*x(t) = f(£) + x()g(t) “

where x is the blade deflection response (« or f), p is the blade’s natural frequency including
any centrifugal stiffening (ps or p.), and f(¢) and g(t) are the parts of the applied force which
are respectively independent of and dependent on x(#). The method of perturbation [13] can
provide an approximate solution to a non-linear differential equation. The first step is to expand
the response variable in a power series with respect to some parameter, say the amplitude of the
platform motion A:

x(t) = xo(t) + Axy (1) + Axp(t) + ... (5)

Similarly, the applied forces can be divided into parts by the order of A, so that f(t) = fo(t) +
Afi(t) + A%f5(t) + . . . and equivalently for g(t). Then, substituting these expansions into Equa-
tion (5) and equating powers of A produces a series of linear differential equations:

%o(t) + p*xo(t) = fo(t) (6)
21(t) + p*xi(t) = fit) + g1 (£)x0(t) (6b)
o(t) + pPxa(t) = fo(t) + ga(t)xo(£) + g1 (£)x1 (1) (6¢)
X3(t) + pPxs(t) = f3(1) + g3 (t)x0(t) + go(£)x1 () + g1 (£)x2(t) (6d)

In this way the original non-linear equation has been transformed into a series of linear differ-
ential equations; these can be solved in turn to produce successive approximations to the full
non-linear response. In theory, for the power series expansion (5) to converge, the perturbation
parameter A must be small. In practice useful qualitative results may be obtained even with
larger values of A but the amplitudes of the harmonics in the perturbation solution will not be
accurate.

Because the lower-order solution becomes part of the forcing term for the higher-order so-
lutions, when the blade response consists of multiple harmonics these will cascade through the
iterations of the method. New harmonics at the sum and difference frequencies of the previous
harmonics appear at every step (Figure 3), and in general the blade response to platform motion
at frequency w contains many harmonics at frequencies of the form aw + bS2, where a and b are
positive or negative integers.

2.3.1. Damping

Damping has a strong influence on the response near resonances, so it is important to in-
clude in the approximate results. Explicitly including damping in the perturbation equations,
however, is unwieldy due to the need to track phase shifts and damping factors through each
iteration. Instead damping is added by modifying the final equations in a similar manner to the
‘correspondence principle of linear viscoelasticity’ [14].

In the model, torsional springs at the root of each blade represent the first blade bending
mode. If torsional viscous dampers were added in parallel with the torsional springs, the total
force would be kx + cx, where k is the stiffness and c is the damping. Under harmonic motion,
x = Xe'®?, the force is (k + ciw)Xe'®?, which is equivalent to a spring of complex stiffness
k(1 + i2nw/wy,), where n is the damping coefficient and w, is the natural frequency +/k/m.
Therefore, to account for viscous damping, it is sufficient to replace every occurrence of the
undamped natural frequency w? with

k(1 +i2nw/wy,)

Wi + i2nww, = -
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Figure 3: Development of harmonics from 1st- to 3rd-order solution for the case of the flapwise response to platform
pitch. The harmonics which make up the 1st-order response are shown in the top row. When multiplied by the non-linear
coefficients g2 (), new harmonics at the sum and difference frequencies are created.

The level of damping is set by the damping coefficient {. Modelling the specific causes of
damping, such as structural and aerodynamic damping effects, is outside the scope of this paper.

2.3.2. Example: flapwise response to platform pitch motion
The flapwise equation of motion for platform pitch motion will be used to illustrate the
method of perturbation. The equation of motion (2) can be written concisely as

@+ pra = Afi(t) + A’ga(t)x 7

Then substitution of a power series (5) for « leads to a series of linear equations like Equa-
tions (6):

do + prog = 0 (8a)
1+ pron = fi(t) (8b)
o) —I—p}ag = apga(1) (8¢)
b3 + proz = a1ga(t) (8d)

These linear equations can be solved in turn to give successive approximations to the solution of
the original non-linear equation.

The zeroth-order equation (8a) describes free vibration of the blade at a frequency py. Damp-
ing will, although not shown explicitly, cause this free vibration to disappear and in steady-state,

oy = 0 (9)



The first-order equation (8b), if fi(t) is written out in full, becomes

) —i—pj%al = A (g + hw®) sinwt

20
+ e+ sin(w + Q)t

M sin(w — Q)¢

for which the forced vibration solution is

a1 = K, sinowt + K4 sin(w + Q)t + K_sin(w — Q)t (10)
where
_ Alg +ho?)
°S Ao

W w + 29)
()
cof—a) - 2082

a)) w— 20

K_:(— e
2 w]%—w2+2a)Q

This shows that the linear part of the solution consists of three harmonics: at the original forcing
frequency w, and also at w + ). This is due to the equation of motion being periodic in 2. The
presence of multiple harmonics in the response of rotating blades is well known; see for example
ref. [15].

Substituting the zeroth-order solution (9) into the second-order equation (8c) shows that

Oy = 0 (11)

Substituting the first-order solution (10) into the third-order equation (8d) gives

2
s —&—p}ag =- (%) [Kw sinwt + K sin(w 4+ Q)t + K_ sin(w — Q)t| %
1
X [)Lh cos™ (20 + Q)t + 3 cosT (20 + 20Q)t
+ 2Ah cos Qt + cos 20t — cos 2wt — 1|  (12)

where cos™ is defined in equation (C.1).

From this the solution for a3 can be found, but it includes so many harmonic terms at com-
binations of w and (2 that it is not useful to write it out here.

Finally, the total approximate response to third order is

a(t) = Ay (t) + Aas(t) (13)

That is, to third order, the flapwise response to platform pitch motion should include three linear
harmonics at w and w + €2, and multiple non-linear harmonics which scale with the cube of the
platform motion amplitude. The approximate response determined from this procedure will be
compared in the next section to the solution of the original non-linear equations.

3. Numerical results

The analytical results found in Section 2 give a useful qualitative understanding of non-
linear components of the blade response, but depend on a series of approximations. In this



Table 1: Blade properties for numerical calculations (NREL 5 MW turbine)

Blade length 63m
Flapwise natural frequency 0.68 Hz
Edgewise natural frequency 1.08 Hz
First moment of mass Iy 363219kgm

Second moment of mass I, 11753 580 kg m?

section numerical integration of the original equations of motion (Section 2.1) is used to check
the accuracy of the analytical results and present a representative range of numerical results.

For numerical calculations, the blade properties and tower height were taken from the OC3-
Hywind model [16], as shown in Table 1. For simplicity, damping is set at 2 % of critical damping
throughout, as actual damping varies significantly depending on the aerodynamic conditions.

Numerical simulations were run for each type of platform motion independently, for a range
of amplitudes A, frequencies v, and rotor speeds . Amplitudes of platform motion up to 21 m
and 19° are included. The frequency range is intended to cover the main excitation frequencies
from wind and wave loading. Using the Pierson-Moskowitz or JONSWAP spectra [17], most
wave energy lies within the range 0.02Hz to 0.40 Hz, while using the IEC edition 3 Kaimal
wind spectrum [18], wind energy lies below 0.12Hz. Therefore frequencies up to 0.4 Hz are
considered. A range of rotor speeds from O rpm to 20 rpm is considered, which encompasses the
operation of current large wind turbines. Note that the although largest amplitudes of motion
will not occur in practice except at the lowest frequencies, for clarity of presentation the results
are calculated and plotted for a grid of values which covers all combinations.

Although the main wind and wave excitation frequencies are covered, there are some other
sources of loading that could fall outside this range. Second-order wave loads can excite large
low-frequency resonant motions of the platform, but the frequencies are so low this is unlikely to
cause significant inertial loading on the blades. Second-order effects can also cause wave loading
above the wave-energy frequency band, potentially exciting resonance of tension-leg platforms
at higher frequencies. Rotational sampling of turbulence [18] causes aerodynamic loads on the
platform at multiples of the rotor speed, also potentially leading to higher frequencies of platform
motion. However, these effects are not considered further here.

3.1. Numerical solution

For each type of motion, the equation was integrated using the odeint function of Scipy [19].
To ensure non-linear behaviours were visible, the initial conditions were slightly perturbed from
the origin. The equations were integrated for several periods until initial transients had died
away, and the spectra then calculated from the remaining part of the simulation.

For example, Figure 4 shows a spectrum of the flapwise blade response for one particular
set of conditions, and also the contour plot formed by combining response spectra for many
frequencies of platform motion. Clearly the response contains many regularly-spaced harmonics,
consistent with the prediction of the perturbation analysis of harmonics with frequencies of the
form aw + bQ2: there are sets of parallel lines, corresponding to different values of b, and there
are multiple sets with different slopes, corresponding to different values of a. However, Figure 4
uses a logarithmic scale to show the structure of the response: although many harmonics are
present, most of them are very small.

The derivation of the equations of motion and their numerical solution was verified by com-
parison to simulations using a multi-body dynamics code mbwind [20] and, in a few cases, the
commercial wind turbine code Bladed [21]. More details are given in ref. [22].
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Figure 4: Simulation results showing the many harmonics present in the flapwise blade response to platform pitching
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3.2. Comparison of perturbation and numerical results

Figures 5-7 show a selection of results from the perturbation analysis (Equation 13) for
various values of the rotor speed ) and platform pitching frequency w. The three figures show
the amplitude of three harmonics in the response, at w, w—2 and w-+£2. The analysis was carried
out to third order in the platform motion amplitude, so both first- and third-order estimates of
the response are shown. The non-linear results are also shown for comparison.

For small amplitudes, all the results agree, as expected. For larger amplitudes, generally the
non-linear results increase less quickly than the linear approximation. In some cases the third-
order approximation shows the same behaviour, but in others it appears to be worse than the
first-order approximation.

Part of the difference between the non-linear and the perturbation results is due to the use
of the approximate small-angle equations of motion, as well as the perturbation approximation
itself. This is illustrated in Figure 8.

Generally, although the perturbation analysis can give an interesting insight into the blade
dynamics, it is not suitable for describing the blade response for large-amplitude motion of the
platform. The rest of this section focuses on the numerical results only.

3.3. Structure of harmonics in response to different platform motions

Figures 9-15 present results for both the flapwise and edgewise responses to all types of
platform motion. In each case the rotor speed is 5 rpm, which is 0.083 Hz. This determines the
horizontal spacing of the harmonics in the figures; the value is arbitrarily chosen to give a clear
result. The plots show transfer functions from platform motion amplitude to blade response,
and each plot shows both a large- and a small-amplitude case, giving a simple indication of non-
linearity. The natural frequency of the blade is marked by an arrow at the edge of each plot.
Note that unlike Figure 4, the amplitudes are shown on a linear scale.

The flapwise responses (Figures 9-11) show that surge motion causes a blade response at fre-
quency f = w, the frequency of the platform motion, while yaw motion causes a blade response
at w = Q). The response to pitch motion contains harmonics at all of these frequencies, which is
expected since from the point of view of the rotor centre, pitch is a combined rotation (like yaw)
and translation (like surge) motion. By comparing the small- and large-amplitude subplots, it
can be seen that these flapwise responses are linear in the amplitude of platform motion.

11
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Platform heave and roll motions both cause linear edgewise blade responses (Figures 12 &
13). Heave motion causes a response at w =+ €2, while roll motion causes a response at both
w * Q and w. Although the two linear harmonics continue to dominate the response to heave
motion even at the larger amplitudes, non-linear responses to roll motion are visible on the right
of Figure 13: these appear at ) and at 2w + §2. The response to sway motion (not shown) is
identical to heave, since both are a translational motion in the plane of the rotor. The responses
would of course differ in a more complete model which accounted for tower flexibility.

The edgewise responses to platform pitch and yaw are purely non-linear (Figures 14 & 15),
because the only inertial loading on the blades in these cases is the centrifugal force due to the
rotation of the platform in pitch or yaw (as opposed to the centrifugal force due to the rotor
rotation), which is proportional to the squared amplitude of the motion. Yaw motion causes
responses at 22 and 2w + 29); these frequencies are also present in the response to pitch motion,
along with larger harmonics at Q2 and 2w + (2.

Some types of platform motion produce no flapwise or edgewise response: surge motion
produces no edgewise response, and roll and heave motion produce no flapwise responses. Al-
though if these platform motions are superimposed on a nonzero mean pitch angle then it is
possible to excite a blade response, these responses are not shown here.

In summary, the blade response contains harmonics at various frequencies. Table 2 shows
the most important harmonics present in the response to each type of motion.

4. Conditions leading to resonance and non-linearity

The results presented in Section 3 give a detailed picture of the variety of linear and non-
linear harmonics generated in the blade response to different platform motions, but it is difficult
to see the bigger picture of when these are important. The presence of these harmonics has two
effects: (1) with multiple harmonics, there are more conditions which can excite large resonant
responses; and (2) with non-linear harmonics, the overall response is non-linear to some extent.
The results from Section 3 are now summarised to show these effects.

4.1. Conditions leading to large blade responses

The resonant behaviour seen in the surge response in Figure 9 is unsurprising: the largest
response happens when the platform motion forcing frequency approaches the blade natural fre-
quency wy = 0.68 Hz. What might be more surprising are the responses to other motions, when
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Table 2: Summary of the harmonic content of the main responses. @ Linear, O Non-linear

0+... w+... 20+ ...
Motion Response € 20 -0 0 Q =20 - 0 +Q +2Q

Surge  flapwise [ )

Pitch flapwise e o o

Yaw flapwise o ]

Sway edgewise [ ) °

Heave edgewise [ ) o

Roll edgewise O e o o @) O

Pitch edgewise O O O O O O
Yaw edgewise O O O

certain combinations of platform frequency and rotor speed can excite resonance as additional
harmonics coincide with the blade natural frequency.

Figure 16 shows the total blade response variance plotted against the platform motion fre-
quency  and the rotor speed (2. Resonances are expected around the lines w = (p — b2)/a,
where a and b are integers defining the harmonics that appear for each type of motion (Table 2)
and p is the natural frequency of the blade, including centrifugal stiffening for flapwise motion.

Of the flapwise responses (Figure 16 a-c), surge motion causes the simplest response. Since
the only forcing is at the platform frequency w (see also Figure 9 above), the response is simply
increasing towards the blade natural frequency, located off the top of the plots. For yaw motion,
the forcing is at w+(2 (Figure 11). Therefore for the same platform frequency and rotor speed, the
forcing frequency due to yaw motion is higher than the forcing frequency due to surge motion,
and resonance is reached in the top-right corner of Figure 16c. Pitching motion is effectively a
combination of surging and yawing motions, which is reflected in the results for pitching motion
in Figure 16b.

The edgewise natural frequency of the blade is higher than the flapwise frequency, so the
blade is further from resonance and the edgewise responses in Figure 16(d-g) are smaller than
the flapwise responses in Figure 16(a-c). Additional resonances are visible, excited by higher
harmonics in the forcing: for example, at 2w + Q and 2w + 212, as marked on the plots. These
smaller resonances are the only features visible in the edgewise responses to pitch and yaw
motion (Figure 16 f-g). The responses to heave and roll motion (Figure 16 d-e) are larger overall
due to forcing around w. As before, the results for sway are the same as for heave and are not
shown.

In summary, a general increase in response variance with increasing platform frequency o
is observed, as the forcing frequencies approach the blade natural frequencies. For the present
reference turbine blade, the frequency of platform motion is always below the natural frequency
of the blade, but there may be a risk that in future more flexible blades would lead to a greater
response at lower frequencies. In addition, there are particular combinations of w and 2 which
lead to additional resonances (Table 3). These are due to non-linear harmonics in the inertial
forcing coinciding with the blade natural frequency.

4.2. Linearity of blade response

The level of non-linearity in the blade response to platform motion is important for modelling
the whole floating wind turbine system in the frequency domain. The results of Section 3 show
that some components of the response are linear, and some non-linear, so the overall linearity of
the blade response varies as the balance of different harmonic components shifts. Here overall
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Figure 16: Blade response variance due to different platform motions.
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Platform frequency [HZz]

Platform frequency [Hz]
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Table 3: Local resonances (up to 0.4 Hz).
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Figure 17: Critical motion amplitude for non-linearity to exceed 5 %.
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‘non-linearity’ is measured as

non-linearity(A) = o(A)/A

= 14
o (Ao)/Ag (14

where A is the amplitude of the platform motion, o (A) is the blade response standard deviation at
a given amplitude, and Ay is a small reference amplitude. The non-linearity is summarised by cal-
culating the ‘critical motion amplitude’, the smallest amplitude for which the non-linearity (14)
exceeds a certain value.

Figure 17 plots the critical motion amplitude against platform motion frequency and rotor
speed, for the flapwise response to surge, pitch and yaw, and the edgewise response to heave
and roll. In the majority of conditions the pale colour of the plots indicates that even the largest
amplitudes of platform motion considered were not enough to cause significant non-linear be-
haviour. In particular, this applies throughout the area where v < 0.2Hz and 2 < 20 rpm.

There are specific combinations of platform frequency and rotor speed which lead to non-
linear behaviour at moderate or even small amplitudes. These are particularly noticeable in the
edgewise responses to heave (& sway) and roll motion. Note however that as the non-linearity
is defined as the relative change in the transfer function, an area with high non-linearity may be
irrelevant if the response there is small.

In the flapwise response to surge and pitch motion, increased non-linearity is visible at the
top of the plots, for higher w. This is due to linear parts of the inertial loads exciting resonance
of the hinged blade and leading to large deflections. It is the large deflections which cause the
non-linear response here, and so this shows a limitation of the simplified model rather than an
exact result.

The edgewise response to pitch and yaw motion are not included in Figure 17 since these
responses are purely non-linear. However, they are both much smaller in magnitude than the
other responses.

5. Implications for linearised analysis of structural dynamics

There are two issues with modelling this inertial coupling within a linearised analysis: the
presence of multiple harmonics and non-linearity in the response.

The presence of multiple harmonics in the response of a rotating blade is well known, and
is typically addressed by applying a Multi-Blade Coordinate (MBC) or Coleman transformation
[15], in which the blade deflections are transformed into a non-rotating frame of reference. For
example, the flapwise deflection of blade k is expressed as

ax = ag + a; cos Yy + by sin Py (15)

where for a three-bladed rotor ¢y, = Qt + 27z(k — 1)/3, and ag, a; and b; are the ‘multi-blade
coordinates’. In this case a represents the average flapwise deflection across all three blades,
while a; and b; represent modes with a horizontal and vertical axis respectively. If the rotor is
isotropic, then components of the blade response related to the rotor speed are removed: if the
flapwise blade response a contains harmonics at w, w — Q and w + €2, then the transformed
coordinates ag, a; and b; contain only one harmonic, at w. If the rotor is not perfectly isotropic,
the MBC transformation will reduce but not eliminate the additional harmonics in the response,
and the remaining periodicity is often simply neglected, or Floquet analysis can be used [23, 24].

The results in Figure 17 show that there is a large range of realistic conditions (rotor speeds
below 20 rpm and platform motion frequencies below 0.2 Hz) where non-linearity in the blade
response is negligible. While the exact numbers depend on the geometry of the NREL 5MW
turbine used in the numerical calculations, the conclusions should apply to any similarly-scaled
floating wind turbine. Because the platform motions studied are prescribed across a grid of
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amplitudes and frequencies, rather than calculated from input wave and wind spectra, the results
are not tied to the specific spar-buoy floating platform used by the NREL turbine.

On the other hand, wind turbine scales and rotor speeds may change in the future. These
results show that with higher rotor speeds or more flexible blades the potential exists for multiple
resonant conditions and non-linear responses.

6. Implications for blade dynamics at model scale

Model-scale testing is commonly used in the design of offshore structures. Although the com-
plexity of floating wind turbines makes model testing difficult, a few tests have been performed
[25, 26, 27]. Compromises are usually involved because different effects scale differently: for
example, to model the wave loads correctly, the Froude number should be held constant be-
tween model and prototype scale, while to model the aerodynamic loads correctly, the Reynolds
number should be held constant. Both cannot be achieved simultaneously with a geometrically-
similar model, while also keeping the wind and wave forces in proportion [28].

Tests to date have focused on the dynamics of the floating platform, rather than the blades,
so the models used have had rigid blades. However, the results in this paper shed some light on
how dynamic effects might be observed in model-scale tests.

Dimensional analysis of the simplified blade model introduced in Section 2 shows that the
non-dimensional blade response depends on six non-dimensional numbers [22]:

a } ( g L h Q w, -

B Low?” \ml, Lo @’ w’A (16)
where w, = \/k/_IQ, the mass scale is My = m, the blade mass, the time scale is Ty = 1/w,
and the length scale is Ly = /I,/m. The non-dimensional motion amplitude is A = A/L, for
translational motion, and just the amplitude A = A for rotational motion. Since the response
depends only on these non-dimensional groups, as long as they are held constant between the
prototype and model scales then the blade dynamics should be modelled correctly.

Martin et al. [28] suggest that scaled models should match the wave Froude number, the
wind Froude number and the turbine Tip Speed Ratio TSR = QR/U. For a scaling factor A, this
leads to the rotor speed scaling as A~'/2. This would be consistent with scaled modelling of the
blade dynamics, which requires the rotor speed (2 to scale in proportion to the platform motion
frequency w (Equation 16).

The blade natural frequency should also scale in proportion to the rotor speed and platform
motion frequency, but this may be difficult to achieve as the model blades must be very light; for
example the blades of the 1/50 scale NREL 5MW turbine used by Martin et al. [28] are 1.23m
long but weigh only 140 g. In practice, model tests have used stiff blades [27] and the blade
dynamics have not been considered. This means the ratio w,/w is too high. In Figure 16, the
response will be towards the bottom of the plot, and non-linear parts of the response will be
underestimated.

The mass distribution of the blades should be scaled to match the groups involving the first
and second moments of mass in Equation (16). This would be achieved through geometric
scaling and matching densities, but the scale blades are likely to have different construction.
For example the aerodynamic profiles of the blade may be redesigned to deal with the lower
Reynolds numbers experienced at model scale [28].

7. Conclusions

In this paper the dynamic response of a flexible wind turbine blade to prescribed motion of
a floating platform has been systematically evaluated, for a broad range of frequencies, ampli-
tudes and rotor speeds. The response contains many linear and non-linear harmonics, with the
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potential to cause non-linearity and excite blade resonance from low-frequency platform mo-
tion, but these effects are negligible at sufficiently low rotor speeds and platform frequencies
(below 20 rpm and 0.2 Hz). For a typical large offshore wind turbine, with a lower rotor speed
and significant platform motion at lower frequencies than this, structural non-linearity due to
platform motion should not be an issue. For the level of accuracy for which a linear structural
model is acceptable for a fixed-bottom wind trubine, a linear model should also be acceptable
for modelling the dynamics of a wind turbine on a floating platform.

This result therefore informs the modelling of floating wind turbines using approximate lin-
earised methods, by showing that the specific non-linear effect studied here is likely to be neg-
ligible. However, this is only one of several sources of non-linearity in a floating wind turbine,
all of which must be similarly understood. In other cases where it may not possible to neglect
non-linear effects completely, such as in the aerodynamic loads and control system behaviour
[10], linearised approximations can nonetheless prove useful provided their limits are well un-
derstood.
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Appendix A. Kinematics for platform pitching motion

Although in practice the equations of motion were derived for general platform motion using
a computer algebra system, the resulting equations are rather long and difficult to understand.
Rather than presenting the general equations, here the simpler case of platform pitching motion
is used to illustrate the procedure.

Appendix A.1. Coordinate systems
The model, shown in Figure 2, is described by several coordinate systems, which in this case
are related as follows:
1. A fixed coordinate system IJK.
2. Rotation of IJK through an angle ¢ about the J axis gives the platform coordinate system
ijk.
3. Rotation of ijk through an angle 6 about the i axis gives the blade root coordinate system
abc. The rotor axis is located at a height h.

4. For flapwise and edgewise deflections respectively:

(a) Rotation of abc through an angle a about the b axis gives the blade-fixed coordinate
system mnp, where n = b. This rotation represents the blade flexibility in the flapwise
direction.

(b) Rotation of abc through an angle f about the a axis gives the blade-fixed coordi-
nate system mnp, where m = a. This rotation represents the blade flexibility in the
edgewise direction.

The turbine unit vectors and their derivatives are related to the fixed unit vectors as follows:

i=1Icos¢—Ksing i=—¢k (A.1a)
ji=1J j=0 (A.1b)
k=Kcos¢ + Ising k:qéi (A.1c)

The rotor unit vectors and their derivatives are related to the turbine unit vectors as follows:

a=i a= —qﬂk (A.2a)
b =jcosfO + ksinf bzéc+q§sin6i (A.2b)
¢ =—jsinf + kcos@ é:—9b+<,25c059i (A.20)

For flapwise deflections, the blade unit vectors are related to the rotor unit vectors as follows:

m = —csina + acos«a m = —ap — ¢ cos ak (A.32)
+sina (9b — $cos Qi)

n=>b i = Oc + ¢sin Oi (A.3b)

p=ccosa+asina p:dm—gfisinak (A.30)

—cosa (éb — ¢ cos 9i)
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while for edgewise deflections,

m=a m = —¢k (A.4a)

n =bcosf + csinf h:ﬁp+cosﬁ(éc+¢sin9i) (A.4b)
+sinf (—éb + ¢ cos Qi)

p=ccosf—bsinp p=—pn+cosp (—éb + $cos 9i) (A.40)
+sinf (éc + ¢sin 9i)

Appendix A.2. Blade kinematics

The position of an arbitrary point on the blade (at radius r) is
r=hk+rp (A.5)

By differentiating this, and using the coordinate system relationships above, the velocity is found
to be

r = ¢ (h+rcosacosf)i-— rc,zé sin ak — rf cos ab + ram (A.6a)

for flapwise deflections, and

i’:¢(h—|—rcos/?cos@—rsin,b’sine)i—r(9+B)n (A.6b)

for edgewise deflections. To find the kinetic energy, the speed is needed. The relevant dot
products to evaluate r - r can be found from equations (A.1)—(A.4). For flapwise deflections, the
only non-zero products are

i-m=cosa k-m= -sinacosf k-b=sinf (A7)
while for edgewise deflections, i - n = 0. The speed squared is therefore

F-r= [(h + rcos a cos 0)* + (rsina)Z] $% + (rcosa)? 0% + ra?

+ 2rad (hcos a + rcos 0) + r’¢0 sin 2a sin 0 (A.8a)
for flapwise deflections, and
-7 = (h+rcos fcos 0 — rsin fsin 0)* §* + r? (9 +,B)2 (A.8b)
for edgewise deflections.

To find the potential energy, the height of an arbitrary point on the blade is also needed.
From Equation (A.5),

H=r-K=hcos¢+ r(cosacosfcos¢ — sinasin0) (A.9a)
for flapwise deflections, and

H=r-K=hcos¢+ rcos¢ (cosfcosf —sin fsin ) (A.9b)

for edgewise deflections.
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Appendix A.3. Kinetic and potential energy
The kinetic energy of the blade is given by

T = %/(r -r)dm (A.10)

Substituting the expressions for the speed at radius r from Equations (A.8) gives
2T = [Mh2 + 2hI; cos a cos 0 + I, cos® & cos? O + I, sin® a] <ﬁ2
+ I cos® a6 + La® + 20'5(,25 (hIy cos a + I cos 0) + Izqéé sin 2¢ sin 6 (A.11a)
for flapwise deflections, and
2T = [Mh2 + 2hI (cos ffcos 6 — sin fsin 0)
+ I, (cos f cos 0 — sin B sin 6)°| ¢+ I [9+ﬁ]2 (A.11b)

for edgewise deflections, where M is the blade’s mass, and I; and I, are its first and second
moments of mass, defined as

M= / dm (A.12a)

I = / rdm (A.12b)

L= / v dm (A120)
The potential energy is
1

V= §kfa2 + Mghcos ¢ + I, g (cos & cos ¢ cos 6 — sin a sin ¢) (A.13a)

for flapwise deflections, and

1

V= EkeﬂQ + Mghcos ¢ + I g cos ¢ (cos f cos 8 — sin S sin 6) (A.13b)

for edgewise deflections, and the stiffness of the blade hinge is kr and k. in the flapwise and
edgewise directions respectively.

Appendix A.4. Full equation of motion
The kinetic and potential energies lead to the equation of motion through Lagrange’s equa-
tion:

dfor) ot ov_, s
dt [0¢| Oa  Oa <° '
For the blade flapwise response to platform pitch motion, these terms are:
oT :
90 = La + ¢ (Ithcosa + I cos 0) (A.15a)
a
d|oT .y : . -
— |=—| =Lda+ ¢ (I1thcosa + I, cos0) — @ (Ilha sina + L0 sin 9) (A.15b)
dt |0«
oT o, 9 .
= $* (I cosa (1 — cos® 0) — L1hcos ) sina
a
+ gb (129 sin @ cos 2a — I hd sin 0{) — L,6%sina cos (A.15¢)
ov
S ka — I g (sin @ cos ¢ cos 6 + cos a sin ¢) (A.15d)
a
0=0 (A.15e)
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Substituting these into Equation (A.14) leads directly to the equation of motion. The equation
of motion for the edgewise response is derived in exactly the same way, but for brevity is not
written in full. All the equations of motion, assuming harmonic motion of the platform, are given
in Appendix Appendix B below.

Appendix A.5. Small-angle equation of motion

Some simplifications can be introduced to allow for further analysis. The rotor speed is
assumed constant with Q = 0. The flap angle will be assumed to be small, such that sina ~ «
and cosa =~ 1. This is reasonable because the flap angle is a simplified model of the blade’s
flexibility which is only realistic for small deflections. The potential energy (A.13) contains
the terms sin ¢ and cos ¢, but the platform motion ¢ is assumed to be small, so sin¢ ~ ¢ and
cos¢ ~ 1. Finally, a factor of I; is removed and the ratio A = I; /I, is introduced. With these
simplifications, the terms in (A.15) become

T .. .
d 6— =d+ ¢ (Ah + cos0) — ¢ (Ahda + Qsin 6) (A.16a)
dt | da
T . . .
g—a = (¢2 (1 - cos® @ — Ahcos ) — Ahda — QQ) a+ ¢Qsind (A.16b)
v = wia - Ag (acosf + ¢) (A.160)
oa f

where coj% = k/I is the natural frequency of the blade. Substituting into Equation (A.14) shows
the simplified equation of motion for the blade flap motion to be

. 1 1
a+ [wfp + Q% 4 ¢? (Ahc059+ 5cos29— 5) —Agcos@] a=
Agp + 2 sin 0 — ¢ (Ah + cos 0)  (A.17)

All the simplified equations of motion are given in Appendix Appendix C below.

Appendix B. Full equations of motion

For the particular case of harmonic platform motion, with amplitude A and frequency w,
the results are presented below. In total there are 12 equations of motion, for the flapwise and
edgewise responses to the 6 types of platform motion (Figure 1). The equations were derived
as shown in the example given in Appendix A, but making use of the SymPy symbolic algebra
package [29], and the results are listed below. wr = /k¢/I> and w. = k. /I are the flapwise
and edgewise natural frequencies respectively, and A = I, /I, is the ratio of first and second
moments of mass of the blade. The rotor speed 2 is assumed constant so 0(t) = Q.

Surge
Flapwise:
— Alw? sinwt cos a + Q* sina cos o — gAsin a cos Qt + a)]%a +a=0 (B.1)
Edgewise: i
— gAsin Qt cos f — gAsin fcos Qt + w2f + =0 (B.2)
Sway

Platform sway motion, as an in-plane translation of the rotor, is similar to heave motion and
yields the same equations as given below.
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Heave
Flapwise:

Alw’sinwtsinacosQt + OQ?sinacosa — gAsinacosQt + a)jzoc +a = 0 (B.3)

Edgewise:

A)w? sin Qt sin wt cos B + Adw? sin wt sin B cos Ot
— gAsinQt cos f — gAsin fcos QU + w2f+ =0 (B.4)

Roll
Flapwise:

A%hAw? sin a cos Ot cos® wt + A%w? sin a cos? wt cos a
+ 2AQw sin & cos wt cos a + AhAw? sin Qf sin wt sin
+ Q% sin @ cos a + gA sin (Asin wt) sin Qt sin

— gAsin « cos (Asin wt) cos Qt + w]%a +d=0 (B.5)

Edgewise:

A%h)o?® sin Ot cos® wt cos f + A®hAw? sin ff cos Qt cos® wt
+ AhAw? sin Qt sin t sin B — AhAw? sin ot cos Qt cos ff
— Aw? sin wt + gA sin (Asin wt) sin Qt sin
— gAsin (Asin wt) cos Ot cos f — gA sin Q¢ cos (Asin wt) cos
— gAsin fcos (Asinwt) cosQt + w2+ f =0 (B.6)

Pitch
Flapwise:

A?hAw? sin a cos Ot cos® wt + A%w? sin a cos® Ot cos® wt cos a
— A%0? sin & cos? wt cos a — 2AQw sin Ot cos wt cos®
— AhAw? sin wt cos @ — Aw? sin wt cos Qt + O sina cos
— gAsin (Asin wt) cos @ — gA sin « cos (A sin wt) cos Qt
+ wfva +a=0 (B.7)

Edgewise:

AhAo? sin Ot cos® wt cos f + A%hAw? sin ff cos Qt cos® wt
— A%0? sin? Qt sin ff cos® wt cos f — A%w? sin Qt sin? B cos Ot cos? wt
+ A%w? sin Qt cos Qt cos”® wt cos® f + A%w? sin ff cos® Qt cos® wt cos fB
— gAsin Qi cos (Asin wt) cos f — gA sin ff cos (A sin wt) cos Q¢
+w;p+p=0 (BS)

Yaw
Flapwise:

A%0? sin? Q¢ sin a cos? wt cos a — A2w? sin a cos® wt cos a
+ 240w cos 0t cos wt cos® a — Aw? sin Q¢ sin wt + Q2 sin @ cos

— gAsina cos Qt + a)]%a +a=0 (B9
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Edgewise:

A%w? sin® Ot sin f cos® wt cos B+ Aw? sin Qt sin” B cos Ot cos® wt
— A%w? sin Qt cos Qt cos® wt cos® B — A%w? sin ff cos® Qt cos® wt cos fB
— gAsin Qt cos f — gAsin ff cos Qt
+wlp+h=0 (B.10)

Appendix C. Small-angle equations of motion

Below, the equivalent simplified equations are presented for other types of platform motion.
A parametric excitation term due to gravity, visible on the left-hand side of Equation (2), has
been neglected since (p]% /Ag) > 1 for the blade of the reference wind turbine (the NREL 5 MW).

For brevity, the notation is introduced that
sin® (A + B) = sin(A + B) + sin(A — B) (C.1a)
sin” (A + B) = sin(A + B) — sin(A — B) (C.1b)

and the equivalent for cos; the terms are written in this expanded form to make the frequency
content of the responses explicit. This leads to the following equations:

Surge:
a +p12r0t = Alw? sin wt (C.2a)
B+ p2p = gAsinQt (C.2b)
Sway: see results for heave below, as before.
Heave:
AL
G+ pra = —74020[ sin” (w + Q)t (C.32)
s AL L o )
p+peB = — " |cos (£ Q)t— fsin™(w+ )| + gAsinQt (C.3b)
Roll:

—4Q cos wt + A(g + hw?) cos™ (w + Q)t

.. 9 Aw
a+pfa:a -

[

2 + 2 cos 2wt + 2hA cos Qt

+ hAcost (2w + Q)t (C.4a)
B+ p2p = gAsin Qt + Aw? sin wt
AA o | . - -
+7(g+hw ) [sin™ (@ £ Q) + fcos™ (w + Q)¢
Aw\?
- (7) h/llsin_@w + )t + feost (2w + Q)t
+ 2sin Qt 4 2f cos it (C.4b)
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Pitch:

o —&—pfca = AL (g + ho®) sin wt

%)

A 2
p (7“’) l2/1h cos Qt + Ahcos* (20 = Q)¢

(w +2Q) sin(w + )t + (0 — 2Q) sin(w — Q)¢

1o+
+ cos 2Qt + 5 08 (2w + 2Q)t
—1—-cos th] (C.5a)
B+ p2p = gAsin(Qt)
Aw\® . .
-5 2h/1[sm Ot 4 fcos Qt] + [sm 20t + 2f cos QQt]

+ hA[sin_(Z(u + )t + feost (2w + Q)t]

1
+ = sin” (2w + 2Q)t + BcosT (2w £ 29)1‘}

2
(C.5b)
Yaw:
A Aw
a+pra= -~ - (0 + 28) cos(w + )t — (w — 282) cos(w — )t
Aw 2 1 +
+a > 1 + cos 2Qt + cos 2wt + 5 o8 (20 £ 2t (C.6a)
B+ p2B = ghsinQt
Ao\* |1
+ (760) 3 sin” (2w £ 2Q)t + fcos™ (2w = 2Q)¢
+ sin 2Qt + 2 cos 202t (C.6b)
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