<]
TUDelft

Delft University of Technology

A control-oriented wave-excited linear model for offshore floating wind turbines

Fontanella, A.; Al, M.; Van Der Hoek, D.; Liu, Y.; Van Wingerden, J. W.; Belloli, M.

DOI
10.1088/1742-6596/1618/2/022038

Publication date
2020

Document Version
Final published version

Published in
Journal of Physics: Conference Series

Citation (APA)

Fontanella, A., Al, M., Van Der Hoek, D., Liu, Y., Van Wingerden, J. W., & Belloli, M. (2020). A control-
oriented wave-excited linear model for offshore floating wind turbines. Journal of Physics: Conference
Series, 1618(2), Article 022038. https://doi.org/10.1088/1742-6596/1618/2/022038

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1088/1742-6596/1618/2/022038
https://doi.org/10.1088/1742-6596/1618/2/022038

Journal of Physics: Conference Series

PAPER « OPEN ACCESS

A control-oriented wave-excited linear model for offshore floating wind
turbines

To cite this article: A. Fontanella et al 2020 J. Phys.: Conf. Ser. 1618 022038

View the article online for updates and enhancements.

This content was downloaded from IP address 145.94.74.152 on 21/10/2020 at 10:07


https://doi.org/10.1088/1742-6596/1618/2/022038
https://googleads.g.doubleclick.net/pcs/click?xai=AKAOjstkilAaDiIyDiO7HzeMTfnjvyF_5GsKFG-NEbJ-WIC7EOdfQk2xf7s1PNMVvLxMJMs7PfOXvQckQqK4OIcVGJPOLpdk8_8UN7FO3vq9WF-zCxi1j43nSUzjAz2MKRg-lZUdff7WI1KAD7QwE1fYWLapaF_TyGoefsc2Uzu6NmMiBAsJ1rV_RJ5G5GPPh5FU-clERZrpR8ucvTrrwi5OQebgrigsqkeREgNKzEQdR7AIFgW0DpKq&sig=Cg0ArKJSzASKwJoJnJOD&adurl=http://iopscience.org/books

The Science of Making Torque from Wind (TORQUE 2020) IOP Publishing
Journal of Physics: Conference Series 1618 (2020) 022038  doi:10.1088/1742-6596/1618/2/022038

A control-oriented wave-excited linear model for
offshore floating wind turbines

A. Fontanella!, M. Al%2, D. van der Hoek?, Y. Liu?,
J.W. van Wingerden?, M. Belloli!

! Mechanical Engineering Department, Politecnico di Milano, Milano, Via La Masa 1, 20156,
Italy.

2 Delft Center for Systems and Control, Delft University of Technology, Delft, 2628 CD,

The Netherlands.

E-mail: alessandro.fontanella@polimi.it

Abstract. The design of control strategies for floating offshore wind turbines (FOWTSs) is
even more difficult than for onshore and bottom-fixed offshore ones and a recognized control
strategy for FOWTs is currently lacking. In order to design effective control strategies, the
additional dynamics of these systems should be taken into account in the models used to solve
this task. This paper presents the analytical derivation of a novel model conceived for control
design purposes. In detail, the model is based on a linear description of the highly non-linear
phenomena that are relevant for an FOWT. The quasi-steady assumption is used to give a
description of the aerodynamic loads and how these are influenced by the main control inputs.
Hydrodynamic radiation and diffraction forces are introduced by means of linear-time-invariant
parametric models. Simulation results shows that the proposed linear model is able to predict
the structural response of the turbine system and the floating platform effectively in the case of
control inputs, wind and wave disturbances. Compared to the nonlinear high-fidelity model, the
proposed model shows similar results, however, without much complexity, which is promising
in the desing of FOWT control strategies.

1. Introduction
Nowadays, floating wind is a recognized technology representing the key to harvest the abundant
deep-water wind energy resource. When deploying a multi-megawatt wind turbine on a floating
foundation instead of a bottom-fixed one, additional engineering challenges emerge, which should
be addressed. Controlling the wind turbine is among these, since it has been widely proven that
control logics developed for onshore and bottom-fixed systems are not effective for floating
offshore wind turbines (FOWTs). In order to reach this goal, control-oriented models are
required. These models simplify the physics of an FOWT to a certain extent in order to get a
description of the sole dynamics that are deemed to be important for the synthesis of a control
logic. Such control-oriented FOWT models are currently lacking. Simulation codes mainly
operate in the time domain and provide a high-fidelity representation of the floating system and
the involved non-linear dynamics. A large amount of parameters is usually required to feed the
model and the obtained FOWT representation is not suitable to be used with the most common
control design techniques.

Reduced-order models are widely used whenever fidelity can be reduced [1, 2, 3]. These are
often obtained from a linearization and order reduction of high-fidelity non-linear models. A

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1



The Science of Making Torque from Wind (TORQUE 2020) IOP Publishing
Journal of Physics: Conference Series 1618 (2020) 022038  doi:10.1088/1742-6596/1618/2/022038

survey of state-of-the-art techniques used to solve this task is reported in [4]. To approach the
shortage of control-oriented models, a novel wave-excited linear model is developed in this paper.
In detail, the proposed model is derived by the analytical approach with a linear formulation.
Based on this, the multi-physics dynamics of the FOW'T for any given operation condition can
be successfully approximated. Few parameters are required to feed the model and the obtained
representation of the floating system can be readily included in control design algorithms. The
model is also very efficient from a computational point of view making it an appropriate base of
floating wind farm models.

This paper is organized as follows. In Section 2 the wave-excited linear model is presented,
introducing the analytical equations that are adopted to describe the FOWT physics. In Section
3 the novel linear model is tested against a FAST v8.16 counterpart assuming a 10MW FOWT
as a case study. In Section 4 the capabilities of the novel model are illustrated studying the
implementation of a pitch-to-feather control strategy. The paper ends with conclusions in Section
5.

2. The wave-excited linear model

The wave-excited linear model is developed to characterize the dynamics of the FOWT around
a generic steady-state configuration set by an average wind speed, static displacement of the
platform, rotor speed, collective pitch, generator torque.

Figure 1. Scheme of the modeled FOWT.

2.1. Structural model
It is assumed that the FOWT is formed by rigid bodies which relative position is restricted
by geometric constraints. The rotor is upwind and the tilt angle is neglected. Under these
hypotheses the equations of motions (EOMs) for the system are derived by means of the
Lagrange’s theorem.

Regarding the rotor dynamics, the EOM of the rotor is:

(Jr+72Jc)0R = Quero — TQc (1)
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where g is the azimuth, Jg is the rotor (hub and blades) inertia, 7 is the transmission ratio
(high-speed to low-speed), Jg the generator inertia, Quero the rotor aerodynamic torque and
Q¢ the generator torque.

In addition, the EOMs for the independent coordinates corresponding to the FOWT rigid-
body degrees of freedom (DOFs) & = (x,9,2,p,3,0)T, namely surge, sway, heave, roll, pitch,
yaw, can be derived by means of the multi-body dynamics theory [5] as:

Mpp€+ Krp€ =F, (2)

where M rp and Kpgrp are the FOWT inertia and gravitational stiffness matrix, F the
generalized force vector for the six DOF's including five components:

F:Fb+Fm0m"+Frad+Fwave+Faer07 (3)

that are restoring due to buoyancy, due to the mooring system, hydrodynamic radiation, wave
excitation and aerodynamic forces.

2.2. Restoring loads
Restoring forces that arise on the FOWT due to buoyancy are introduced in the model as:

F, = —-Gpgt, (4)

where G'p is the linear hydrostatic-restoring matrix that relates a change in the displaced volume
of water to a change in the buoyancy restoring forces and & is the variation of FOW'T position
with respect to a generic static equilibrium position.

Additional restoring loads are exerted on the floating platform by the mooring system. A
variety of models featured by different degrees of complexity exists to simulate the mooring
system and predict the forces exerted on the FOWT [6, 7, 8]. However, these models are too
complex when deriving a control-oriented linear model of the FOWT. The position-dependent
component of the mooring force is large with respect to the mooring inertia and hydrodynamic
loads, which are meaningful only when the analysis is focused on the mooring line itself and can
be neglected when studying the global dynamics of the FOWT [9]. Moreover, the force-position
relation for a catenary mooring is in good approximation linear for a wide range of operation
conditions. Under these assumptions, the total load exerted by the mooring system on the
floating platform is:

Fmaor = _Gm00T£7 (5)

where G0 18 the linear restoring matrix from all the mooring lines and £ is as before.

2.8. Radiation loads
According to Cummins [10] the hydrodynamic radiation loads are expressed by the following
time domain relation:

Frog = —Ank - /0 K(t — {)Et)dt = — Ak — pult). (6)

The forces due to the body acceleration are represented by the first term and the constant
positive-definite infinite frequency added mass matrix A.,. The frequency-dependent added
mass and damping associated with the fluid memory effect are given by the convolution integral
and the kernel K () is the matrix of retardation functions (impulse responses). Considering
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radiation forces in the frequency domain it is possible to relate the impulse responses and the
frequency dependent added mass and damping [11]:

K(w) = B(w) + jw(A(w) — Ax) - (7)

The frequency dependent added damping B(w), mass A(w) and the infinite frequency added
mass A, matrices are commonly computed by means of hydrodynamic codes based on potential
theory [12].

The non-parametric radiation model of equation 6 and its convolution integral are not suitable
for developing a linear model of an FOW'T. It is worth noticing that the convolution integral is
a linear operator and can be approximated by a parametric linear time-invariant (LTT) model in
state-space form as in equation 8. This can be established by means of the system identification
technique based on the frequency response data (FRD) in the form of equation 7.

: : 8
AR (8)

{wr = A'rx'r + BTE
where the number of states in @, is the order of the approximating system, fi is an estimate of
pnand A, B,, C, are critical matrices derived from the frequency domain system identification
of the non-parametric FRD. In this work, the frequency domain identification method of the
MATLAB toolbox developed in [13] is used for the identification of the parametric radiation
model.

2.4. Wawve loads
The forces due to incident waves F',q. are the sum of the Froude-Krylov force and the wave
diffraction. It can be written in the frequency domain form by:

Fwave(w) = X(w)ﬁ(w) ’ (9)

where the first term on the right-hand side is the wave force coefficients vector determined by
the platform geometry and the wave heading direction and the second denotes the complex
spectrum of the wave elevation at the platform location.

In the majority of FOWT simulation codes wave excitation forces are introduced as time series
computed prior to simulation from the inverse Fourier transform of equation 9 for an assigned
wave spectrum. This representation is not an effective way to build the control-oriented linear
model in the frequency-domain.

As suggested in [14], a more suitable representation can be obtained by approximating the
non-parametric wave force coefficients vector via the LTI parametric model in a state-space form.
This, namely the the wave excitation model (WEM) in this paper, is described in equation 10.

{%:M%+mn, (10
Fwave = Cwmw

where the number of states in x,, defines the order of the approximating parametric model,
whereas A,,, B, C,, are critical matrices by implementing the system identification on the
non-parametric data X (w).

To behave according to the law of physics some properties have to be enforced in the
identified model as constraints for the identification procedure or for the WEM structure.
In [14] a WEM is identified with the properties of causality, stability, passivity and relative
degree r > 1. No requirements are set for the low-frequency behavior. However, the presence
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of a nonzero steady-state amplification in the identified WEM may result into an excessively
large excitation of the FOW'T rigid-body modes and it is therefore preferable to have a zero
gain for low frequencies. The wave force coefficients X (w) describe a not causal system
[15]. This is because these are defined in panel codes as the ratio between the FRF of the
wave forces and the wave elevation at platform location, but forces are generated as soon as
the wave impacts the platform and before it reaches the platform location. Since it makes
easier to cast the causality property in the parametric model, time-domain identification was
preferred over frequency-domain identification. Based on these consideration, the following
system identification procedure is proposed to obtain the WEM:

(i) the time domain realization of the wave force coefficients is obtained computing the inverse
Fourier transform of the original FRD (i.e. the impulse response);

(ii) the impulse response is delayed t; seconds, where ¢4 is the arbitrary time shift to have a
small enough response for negative times;

(iii) zero gain for low frequencies is obtained by forcing the model to have a zero at zero
frequency; this property is achieved integrating the shifted impulse response in time-domain
before identification and augmenting the identified model with a differentiator;

(iv) the n4sid subspace identification method is used to identify an initial model that is then
refined using the prediction-error minimization (PEM) technique.

2.5. Aerodynamic loads

From the control-oriented model point of view, the rotor can be modeled as a point coincident
with the hub location that produces a torque Quero and a thrust force Tyero [8, 16, 17]. The
aerodynamic loads are computed from a set of aerodynamic coefficients for any combination of
rotor speed, wind speed and collective pitch angle. According to a quasi-steady approach, the
variation of the aerodynamic torque and thrust from their steady-state values is obtained from
the widely-used first order Taylor expansion of their generic expression:

Qaero = KwaR + K@Q‘g + KUQV (11)
Toero = Korwr + Ko7t + K7V ’
where K,,q, Koq, Kvg and K,r, Ko, K, are the partial derivatives of the torque and thrust
coefficients with respect rotor speed, collective pitch and wind speed (subscripts w, 6 and v
respectively). These are often referred to as rotor sensitivities [18]. Rotor sensitivities change
according to the wind turbine operation condition identified by a value of rotor speed, collective
pitch and wind speed. The first two variables are uniquely related to the mean wind speed by
the control scheme adopted for power regulation. The generic sensitivity K;;(U) describes how
the j force varies due to a variation of the ¢ parameter in the neighborhood of the operation
condition identified by the mean wind speed U.
The effective wind speed variation V at the hub-height h is caused by the horizontal
turbulence v and the hub velocity Uy in the streamwise direction. In particular, the assumption
is made here that Uy, is only induced by the surge and pitch motions of the floating platform.

V =uv—(i+f5h). (12)
The rotor torque is therefore introduced in the linear model as:
Quero(U) = Kuo(U)wg + Kog(U)0 + Kuo(U)v — Kyo(U)i — hKy(U)B . (13)
The generalized force vector due to rotor thrust for the six platform DOFs is:
Faero(U) = CA(U)E + Ha(U)ua, (14)

where the C 4 and H 4 matrices are function of the rotor sensitivities at the considered operation
condition and so of the mean wind speed. Vector u4 = [0,v]" is an input for the model.
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2.6. The state-space model
All the structural, hydrodynamic and aerodynamic models can be incorporated into a generalized
state-space representation as:

On 0 0 or 0

| A0 s s || 6] PO 1
S1= 10 B 4 0 ST 0 | g (15)
&y 0 0 0 A, Ty 0 n

_ﬁw_ ~~ | Lw | B
—— A —— u

T x

The state vector & comprises physical states for the FOWT DOFs (éR,é,ﬁ)Tand additional
states required for representing hydrodynamic radiation x, and wave excitation x,,. A1(U) and
B;(U) collect the terms associated with the wind turbine aerodynamics and give the model
dependency from the wind turbine operation condition, thus from the average wind speed. The
inputs are the deviations of collective pitch angle and generator torque from their steady-state
value, horizontal turbulence and the wave elevation. The linear model of equation 15 can be
used for time-domain simulation as well as to compute the FOW'T transfer functions.

3. Model verification
The model capabilities with respect to the prediction of an FOWT response to wind, waves and
control inputs are verified via a case study. The floating system formed by the DTU 10MW wind
turbine [19] and the TripleSpar floating platform [20] is implemented with the linear model and
with FAST v8.16. The latter is a higher-order nonlinear model and represents the benchmark.
The proposed formulation for introducing wave excitation loads is exemplified in figure 2
where a WEM for zero-degree heading waves is identified for the TripleSpar floating platform [20].
Moreover, the rotor sensitivities of the DTU 10MW reference wind turbine [19] are illustrated
in figure 3.

95 X100 : : : : : x0T

M, [Nm]

10 20 30 40 50
Time s

‘— — Imp. resp. Causalizesd imp. resp. o Parametric model‘

Figure 2. Wave surge force and pitch moment impulse response, causalized impulse response
(tqg = 7.5 s) and parametric model fit (6 states) of the TripleSpar floating platform.



The Science of Making Torque from Wind (TORQUE 2020) IOP Publishing

Journal of Physics: Conference Series 1618 (2020) 022038  doi:10.1088/1742-6596/1618/2/022038
7 G

0 x10° 4 x 10 1
= = —
= -2 = 24
3 £
e ] g3
£ Z Z
S5 g? =
3 $ :

-8 1 1

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Wind speed [m/s] Wind speed [m/s| Wind speed [m/s|

4 1 1
z “y =4
=) 5 :
z z3 zs
= o <
t? 2 <2

1 1 1

5 10 15 20 25 5 10 15 20 25 5 10 15 20 25
Wind speed [m/s] Wind speed [m/s] Wind speed [m/s]

Figure 3. Aerodynamic sensitivities for the DTU 10MW reference wind turbine rotor as
function of mean wind speed.

3.1. Time domain

The FOWT is simulated in FAST for 2400 s of zero-degree irregular waves generated according to
the JONSWAP spectrum (significant height Hg 1.265 m, peak period T}, 10 s) and a constant and
uniform wind with a mean speed of 10 m/s (below-rated) and 18 m/s (above-rated), respectively.
The wind turbine generator and collective pitch angle are controlled according to the same
variable-speed variable-pitch strategy that achieves speed and power regulation. The linear
model is then simulated with the wave elevation, horizontal turbulence, collective pitch request
and generator torque request from the corresponding FAST runs as inputs. The output of
the two models is compared in terms of rotor speed deviation from the steady-state value and
platform DOFs motion with respect to the static equilibrium position (perturbed response).
Outputs of the last 200 s of the simulations are illustrated in figure 4-5.

The proposed wave-excited linear model matches the FAST simulations well concerning rotor
speed, platform surge and platform pitch motions. Some differences are present in the platform
heave and yaw DOFs responses. For the heave motion these could be ascribed to the wave
loads that are modeled according to two different approaches by the two models. Especially, it
appears that the wave heave force is under-predicted by the WEM included in the linear model.
For the yaw motion, differences could be due to the yaw gyroscopic moment effect that is
neglected in the linear model. For the considered load cases, the response of the platform sway
and roll DOFs is negligible.

3.2. Frequency domain

In addition to the time-domain simulations, the frequency-domain comparisons are presented for
discussions. The wave disturbance transfer functions for the platform surge G, and platform
pitch G5 are computed from the linear model for a mean wind speed of 10 m/s and 18
m/s. In figure 6, the transfer functions are compared in terms of magnitude to the response-
amplitude-operators (RAOs) for the same platform DOFs and operation condition obtained
from FAST. RAOs were computed from time-domain simulation of the FOWT response to
white noise waves for 10000 s.

The agreement is good in the 0-0.1 Hz frequency range. The amplitude of the platform pitch
response at the surge mode frequency (around 0.01 Hz) for the linear model is greater than for
FAST. This could be due to a different damping of the surge mode or a different magnitude of
the wave excitation forces in this frequency range.
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Figure 4. Rotor speed (left) and platform DOFs (right) perturbed response to irregular waves
(significant height Hy 1.265 m, peak period T}, 10 s) for a mean wind speed of 10 m/s.
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Figure 5. Rotor speed (left) and platform DOFs (right) perturbed response to irregular waves
(significant height Hy 1.265 m, peak period T, 10 s) for a mean wind speed of 18 m/s.

4. FOWT plant linear analysis

The FOWT representation from the linear model can be readily used for control design
purposes. This is proved using the model for investigating the implementation of a control
strategy for above-rated power regulation based on collective pitch-to-feather. A number of
past studies, like [21, 22, 23], evidenced that the pitch controller may interact with the FOWT
low-frequency rigid-body modes, resulting in large motions and excessive fatigue loads for the
system components. The reasons behind this unstable behavior are difficult to understand from
time-domain simulations but are particularly clear from a linear analysis of the FOWT. The
transfer function from collective pitch angle to rotor speed Gy, which represents the plant for
the pitch controller, is studied for different above-rated wind speeds. A portion of the pole-zero
map of Gy, is shown on the left of figure 7. The platform pitch mode is associated with a pair
of complex conjugate poles and zeros that move in the complex plane for increasing wind speed.
The platform pitch zeros remain in the right-hand-side plane for wind speeds up to 18 m/s,
causing the large phase loss in Gy, that is evident in the magnitude-phase plot on the right
of figure 7.
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between FAST response amplitude operators (RAO) and linear model (LM).
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Figure 7. Wind turbine pitch controller plant Gy,, (transfer function from collective pitch angle
to rotor speed) in above-rated operation conditions. Left: pole-zero map; for increasing wind
speed poles (x) and zeros (()) move in the complex plane as shown by the dashed arrows. Right:
magnitude-phase plot.

5. Conclusions
Floating wind is a promising technology for harvesting the abundant wind energy resource in
deep waters. Controlling a wind turbine mounted on a floating foundation is challenging and
new control strategies have to be developed in order to maximize power production and to reduce
fatigue loads. Control-oriented models are needed to solve this task but are currently lacking.
In this paper, a control-oriented wave-excited linear model for FOWTs is developed and
verified against the high-fidelity time-domain-based counterpart FAST v8.16. In general, the
proposed model shows good performance in describing the FOWT dynamics. In particular, the
responses of rotor and platform modes to the disturbances introduced by wind turbulence, waves
and to the main wind turbine control inputs (i.e. generator torque and collective pitch angle),
match the high-fidelity simulation well. Furthermore, the FOWT representation from the linear
model can be readily included into the most common control design algorithms and can be used
for the design of observers as well.
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