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Introduction

Fatigue is the structural damage that leads the components of a wind turbine to sudden
brittle failure when it suffers cyclic loading [15]. As the size of wind turbines is growing,
fatigue loads become more and more significant for the design of major structural
components. Concerning fatigue in a wind turbine tower, the fore-aft tower foot bending
moment is considered as the most critical load. The benefits of fatigue load reductions, which
can be achieved by appropriate design of a wind turbine control system, are increasing [12].
The purpose of this study is to estimate fatigue loads in frequency domain [18] for control
design, then to regulate the pitch angle in response to the measurement of acceleration of
tower top oscillation, thus to reduce the fatigue damage from the tower bending moment.

Approach

The fatigue loads can be estimated by Dirlik method based on the PSD (Power Spectrum
Density) in the frequency domain [16]. The PSD of the stress can be obtained from the
Fourier transformation of stress measurement in time series. Then the stress-range
probability distribution of the cycles is estimated from the probability density function (PDF)
based on the spectral moments of the loads [17]. By applying Miner’'s rule, the fatigue
damage of the structure subject to complex loading can be assessed from the stress-range
probability distribution [15].

The H. robust control based on a “Linear Parameter-Varying (LPV) model” [2] [3] [5] has
been applied for fatigue load reduction control in this paper. It allows for parallel design of
both rotor speed control and tower top active damping control loops. The control objectives
for two control loops can conveniently be given in the frequency domain by means of
weighting functions that allow defining the desired shape of the closed loop transfer functions
[13]. In other hand, the motivation of the LPV model is to describe the nonlinearity and time
variant of the real plant, so that a gain-scheduling controller [24] [25] achieved by this LPV
model, fulfills good performance and stability for the real plant over the whole operating
range [4]. Additionally, the model structural uncertainty [19] has been considered in this
paper.

Main Body of Abstract

Fatigue load estimation

In this paper, the time series data of the tower foot bending moment are obtained from
simulation carried out with the simulation tool Bladed [28]. Then, the fatigue damages caused
by the tower foot bending moment shown in Figure 1 are computed with simulation tool



Matlab [11]. If comparing the two pictures, it can be seen that the accuracy of the estimation
by Rainflow-counting [26] highly depends on the length of the time series data. For very long
time series, the damage distribution has a smooth shape according to the probability density.
However, 600s simulation time the distribution of the fatigue damage calculated by Rainflow-
counting in the high stress tail is not smooth, i.e. not represented very well in the statistical
sense [27] [30]. This can be explained by the fact that these high stress load cycles have a
very low probability but contribute significantly to fatigue damage [31]. The improvement can
only be achieved by more data i.e. longer time series: 40 hours used for Rainflow-counting
as shown in the top figure in Figure 1. The Dirlik method is providing this smooth shape
already for relatively short time series. If short time series are used to extrapolate fatigue
damage for longer operational periods, as is common practice in wind turbine engineering,
the Dirlik method obviously is able to provide a better estimation than the Rainflow counting
method.

The shapes of fatigue damage distribution plots in full stress region are very similar for both
methods in 40 hours simulation, illustrated in Figure 1. Table 1 presents the fatigue damage
estimations using Rainflow-counting and Dirlik method based on simulation data of 40 hours’
time series. Very similar results have been obtained from both methods.

Table 1: Comparison of estimated fatigue damage (normalized values) T=40 hours

Total reference | Standard system | Advanced system Ratio of two
damage systems
Rainflow-counting | 270.1 233.6 0.865

Dirlik method 274.0 233.5 0.855

Fatigue load reduction

As presented in Figure 2, the increasing steps of fatigue load correspond to the peak values
of the tower bending moment PSD at 1S'TEF (tower eigen frequency), 3p, 6p and 2"TEF.
The fatigue damage estimation based on the PSD can thus provide information on how the
fatigue damage is distributed over the frequency spectrum of the considered load. This
information is very helpful to identify the essential sources of fatigue damage. According to
these peaks, the weighting function [29], which determines the performance of active
damping controller, has been designed to shape the magnitudes of the closed loop transfer
function from wind speed to tower top acceleration at the same frequencies, as shown as
black dashed line in the middle picture of Figure 2.

W, .7 consists of a constant gain and three notch filters: The constant gain is determined to
reduce the peak at the 1¥TEF of the open-loop transfer function. The first notch below the
1'TEF is used to avoid shifting of the first tower mode towards lower frequencies. The
second notch at 3p aims to reduce the response to 3p harmonic excitation and the third
notch at the 2" TEF to avoid amplification of the second tower bending mode.

Obviously, compared to the standard control system, it can be seen that PSD peaks of the
tower bending moment have been considerably attenuated by the fatigue reduction control
system. As a result, the accumulated equivalent fatigue load estimated by Dirlik method over
the frequency range has been reduced, as shown in the bottom plot in Figure 2.



In Figure 3, it is seen that all the singular values of the closed loop based on the detailed
model from operating points 12m/s to 24m/s wind speed are located below the function 1/W,,
[7]. Thus, the robust stability of the closed loop system with respect to additive perturbations
[19] [21] expressed by the weighting function W, can be guaranteed over the whole operating
range of full load.

Conclusion

As compared to the Rainflow-counting method, the Dirlik method has the potential to be
more convenient for application in control design, since it allows using the power spectrum of
fatigue loads in the frequency domain. It is easy to identify the contribution of individual
frequency components of the loading to the overall fatigue damage [17]. The controller can
then be directly designed to reduce certain load components at their known frequencies.
Moreover, since for linear systems the effect of different controllers on the PSD of load
output signals can be directly computed in the frequency domain, the related change in
fatigue damage can be estimated very efficiently without the need for time domain
simulations [17].

The control systems considered in this paper aim at reducing the number and magnitude of
load cycles especially for the tower of wind turbines. The tower has a major share in the
overall wind turbine costs. If the tower design is determined by fatigue loads, the life time
would be longer or the cost could be lower as the fatigue load is reduced.

Learning objectives

As a major contribution, this work demonstrates that it is possible to design collective pitch
controllers that, additionally to basic rotor speed control and active damping of the first fore-
aft tower bending mode [22], allow to reduce the fore-aft tower bending loads due to 3p
harmonic excitation. This harmonic excitation often contributes significantly to the tower
bending fatigue damage. However, the main point in this paper is to investigate the fatigue
load estimation in frequency domain, which is then used for efficient control design for fatigue
load reduction.

H.. and LPV based control design methods are powerful tools do find an optimum controller if
the weightings between the different control objectives are known [1] [3]. In general, for a
wind turbine there is especially a strong interaction between the objectives of rotor speed
control and fatigue load reduction. It is not possible to find a controller that minimizes speed
excursions in case of gusty wind situations and the same time minimizing fatigue loads on
the tower. The decision how to weight the different objectives, however, will depend on many
factors - e.g. wind speed and turbulence distribution, cost of replacements and maintenance.
That means the tradeoff between the speed control and fatigue load reduction can be varied
for different turbine types and different locations - e.g. onshore wind turbines and offshore
wind turbines.



Fatigue damage distributions for 40 hours simulation time
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Figure 1: Distribution of fatigue damage contribution over stress range.
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Figure 2: Top: PSD estimation of the tower bottom bending moment M+1y; Middle: Magnitude
bode plot of closed loop transfer function from wind speed Avwing to tower top acceleration ar;
Bottom: Accumulated fatigue estimation of Myy.
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Figure 3: Singular values plots of the LPV closed-loop control sensitivity function for
unstructured robustness analysis over the full-load operating range (blue), inverse weighting
function (black).
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List of Symbols

K(s) Transfer function of the controller | W, Weighting function for control

output requirement

My Fore-aft tower foot bending Wy at Weighting function for output y:ar

moment requirements

A Vying | Local change of effective wind ar acceleration of the tower top

speed

G(s) Transfer function of the nominal H. Control algorithms is based on

model the infinity norm

LPV Linear parameter varying SISO Single input and single output

MIMO | Multiple input and multiple output | PSD Power spectral density

PDF Probability distribution function 15 TEF First tower eigen frequency

3p Third per revolution 2" TEF Second tower eigen frequency

6p Sixth per revolution




