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Offshore Wind Turbine Tower Fore-Aft Fatigue Load Reduction by
Coupling Control and Vibrational Analysis
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The present study proposes a novel tower-control technique that couples linear control feedback theory with an online
time-frequency analysis of the tower vibrations, with the aim to widen the research area of situational control of wind turbines.
Numerical simulations were conducted for two 5MW-class offshore wind turbines, and the performance of the proposed control
method has been tested in terms of fatigue load reduction and actuator activity, and it has been cross-checked against similar
results obtained via state-of-the-art tower control. The results indicated that the proposed approach could achieve a more
sustainable compromise between the need to alleviate fatigue loads while preserving actuator serviceability.

INTRODUCTION

In recent years, the support structure of an offshore wind turbine
has increasingly challenged the wind energy community. For an
assumed turbine model, the combination of tower and support
structure may represent up to 40% of the total cost of the offshore
wind turbine (Tegen et al., 2013). On the one hand, such a dominant
cost-ratio is a consequence of the combination of harsh wind and
sea conditions typical of an offshore environment. On the other
hand, the increasing rotor diameter of wind turbines, together with
their deployment in deeper waters, also plays a crucial role. As a
reaction to such a pivotal technical issue, manifold applications
have been investigated within the fields of active control and
structural health monitoring.

Recent studies (Fischer, 2012) demonstrate that mitigation of
the fatigue loading history that a tower undergoes during the life
span of a standard wind turbine is attainable by superimposing an
additional decentralized control feedback loop to the baseline turbine
controller, responsible for both generator torque and pitch angle
commands. Such a control action supplies additional damping to
the generally light-damped tower mode in the fore-aft direction, and
it involves the modeling of an extra pitch demand responsible for
counterbalancing the oscillation the tower experiences as a result of
the exposure to severe wind and wave conditions. The resulting load
reduction will allow for a more cost-effective and leaner support
structure design. In the last decade, more sophisticated control
algorithms based on model-based approaches have been carried out:
examples of coordinated rotor speed and tower control can be seen
in Leithead and Dominguez (2006); also, robust control theory has
been implemented either through H� fundamentals, as seen in
de Corcuera et al. (2012), or through linear parameter-varying (LPV)
techniques, as in the case of Ostergaard (2008). The main drawback
of such a procedure is the exacerbated steering activity that pitch
actuators must withstand in order to provide the desired additional
damping rate, in charge for the load mitigation. Manufacturers of
offshore wind turbines are normally very concerned about pitch
actuator units because of their characteristically high failure bias, as
reported in Reliawind (2011). To smooth the mismatch between the
need for load alleviation and the need for moderate pitch command,
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several studies have explored possible applications of situational
control; within such a scenario, auxiliary control loops (as in the
case of tower control) are activated only in the presence of severe
operational states (Egedal and Frydendal, 2010; Santos, 2006).

Alongside the effort in the area of active tower control, the fields
of structural health monitoring and vibrational analysis of tower
oscillations have gained renewed impetus. Investigations of off-
and online techniques based on time frequency (Sanz-Corretge
et al., 2014) and model-based analyses (Knudsen et al., 2012)
are ongoing, since such techniques might be capable of the early
detection of failures or malfunctions of the tower during operation.

This paper leverages the experience collected over the past years
in both active control and vibrational analysis, so as to provide
further impulse to the area of situational control of wind turbines.
The study sought to be multiobjective: the primary task was to
suggest a technical solution enabling a more rational trade-off
between tower load reduction and pitch actuator command in the
presence of active tower control. A further purpose was the coupling
of the control loop responsible for tower load mitigation with a
random narrowband time-frequency technique, which estimates
how the frequency content of the tower oscillations evolves with
time. In contrast to the standard tower active control methods, this
novel approach provides additional damping in situations where
the frequency content estimated by the time-frequency analysis
falls within a prescribed frequency bandwidth near the dominant
frequency of the tower, which is assumed to excite the tower the
most.

Hydro-aero-elastic simulations have been performed for two
different offshore wind turbines, applying three alternative control
scenarios. First, we used a standard baseline controller, consisting of
generator torque and collective pitch commands. Second, additional
pitch demand was superimposed on the collective pitch, as is usual
in the presence of additional tower control. Finally, the hereafter-
proposed advanced tower control was applied. The performance of
the new approach has been evaluated in terms of load reduction
and additional pitch activity.

Results indicate that trading a slight loss in terms of fatigue
load reduction for a more rational additional pitch activity might
be a more sustainable solution for the offshore wind energy
business, where containing unscheduled maintenance and production
downtime costs is generally a higher priority than reducing turbine
costs.
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AREVA UpWind

Number of blades 3 3
Rated power, Pr [MW] 5 5
Rotor diameter, R [m] 116 126
Rated wind speed, Vr [m/s] 12.5 11.5
Rated generator speed, ìr [RPM] 148.5 1173.7
Gearbox ratio, �GB 10:1 97:1
First tower fore-aft natural frequency, fT [Hz] fAREVA fUPWIND

Table 1 Main operational parameters of the wind turbine models
used

NUMERICAL APPROACH

Wind Turbine Model

The whole study considered two different turbine models. One
model was representative of a commercially available 5MW-class
wind turbine, namely an AREVA M5000 turbine (Areva Wind
GmbH, 2015); the second turbine model was derived from a
5MW research turbine used within the UpWind project (Jonkman
et al., 2009). The substructure configurations utilized were a tripod
and a monopile, for the AREVA M5000 and UpWind turbines,
respectively. The main operational parameters of both turbines can
be found in Table 1.

External Environmental Conditions

To set up proper numerical simulations, we had to select a
suitable set of external environmental conditions. For the extent
of this study, wind and wave conditions were derived from the
K13 met-mast, located in the Dutch North Sea (Fischer et al.,
2010). The wind has been characterized in terms of turbulent
intensities, TI, while the sea states have been characterized in terms
of representative wave height, Hs , and wave period, Tp.

Table 2 summarizes the employed wind and wave parameters,
together with operational hours resultant from the Weibull distribu-
tion typical of the selected met-mast location.

Aero-Elastic Simulations

The core of the work consisted of a numerical analysis, encom-
passing a set of predefined hydro-aero-servo-elastic simulations
with the support of the commercial software GH Bladed V4.2
(Garrad Hassan, 2011). Simulations were defined according to the
recommendations given by the GL 2012 Guideline (Germanis-
cher Lloyd, 2012) and were descriptive of the design load case

Wind speed
[m/s]

TI
[%]

Hs

[m]
Tp
[s]

Occurrence
[hours/year]

4 20.4 1.10 5.88 874.70
6 17.5 1.18 5.76 992.80
8 16.0 1.31 5.67 1181.8
10 15.2 1.48 5.74 1076.3
12 14.6 1.70 5.88 1137.2
14 14.2 1.91 6.07 875.60
16 13.9 2.19 6.37 764.70
18 13.6 2.47 6.71 501.30
20 13.4 2.76 6.99 336.00
22 13.3 3.09 7.40 289.40
24 13.1 3.42 7.80 130.40

Table 2 Environmental conditions at site K13

(DLC) 1.1. As state-of-the-art practice within the area of load
calculation for wind energy applications, three-dimensional turbu-
lent wind fields complying with the Kaimal model (Kaimal et al.,
1972) were generated for each of the wind speeds in Table 1, with
turbulent intensities matching those presented in the same table. On
the other hand, waves followed the irregular Airy wave theory and
the Pierson–Moskowitz spectral distribution (Garrad Hassan, 2011).
A further assumption was to consider fully aligned wind and waves,
so as to approach the turbine rotor from North (respectively, with 0
degree incidence). Misalignment of the wind direction with respect
to the turbine rotor has been located within the typical range of ±8
degrees (Germanischer Lloyd, 2012).

Simulations have been performed for three different control
scenarios:

1. Baseline control (BLC), including standard generator torque
and collective pitch angle control for conventional turbine operation.

2. Standard tower fore-aft control (STC), characterized by some
extra pitch command superimposed to the standard collective pitch
angle, so as to counterbalance the oscillations of the tower in the
fore-aft direction driven by the aerodynamic excitation.

3. Advanced tower fore-aft control (ATC), where the additional
damping to the fore-aft mode of the tower is provided by the
same extra feedback control loop as for the standard tower control,
although on the basis of frequency content retrieved by an additional
narrowband algorithm, which is expected to excite the tower the
most.

Postprocessing

The time series resulting from the previous section underwent
an additional postprocessing procedure. First, fatigue limit state
(FLS) analysis was performed by applying a rain flow count
procedure (Garrad Hassan, 2011), enabling the derivation of the so-
called lifetime-weighted damage equivalent loads (DELs); a similar
analysis has been carried out for the calculation of the lifetime-
weighted statistics of some variables of interest. We assumed a
turbine lifetime of 20 years for both damage equivalent loads (DELs)
and weighted statistics; with respect to the fatigue calculation only,
a reference cycle number of 20 million and a Wöhler coefficient
equal to 4 (typical of steel structures such as the tower) were used.
To accurately assess the benefits and drawbacks of the novel tower
control algorithm, we focused on the following two parameters:

• The damage equivalent load (DEL) at tower bottom, My1DEL,
representative of the tower bending moment in the fore-aft direction,
according to the coordinated system prescribed by the GL 2012
Guideline (Germanischer Lloyd, 2012).

• The standard deviation of the lifetime-weighted pitch angles
rate �̇std, which determines how much more reactive the pitch
actuator behaves in the presence of the additional tower control
loop.

STANDARD TOWER CONTROL (STC)

Tower Dynamics

To understand the development and scope of the proposed tower
control algorithm, it is necessary to introduce the mathematical set
of equations responsible for the tower dynamics. As reported in
Bossanyi (2000), Eq. 1 can characterize the dynamic behavior of
the tower of a wind turbine during standard operation by assuming
single-degree-of-freedom dynamics of the fore-aft mode.

Mẍ+Dẋ+Kx = 4F + ¡F 5 (1)

where M represents the modal mass, K represents the modal
stiffness matrix, D represents the structural damping factor (usually
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small), x represents the displacement at tower top in the longitudinal
direction, F represents the applied force (usually the thrust force
exerted by the wind), and ¡F stands for an additional thrust action
caused by the pitch action.

In the presence of an additional thrust force component, ¡F ,
proportional to the first time derivative of the displacement at
tower top, it would be possible to magnify the damping factor and
consequently to alleviate the vibrational behavior of the tower.

¡F = −DP ẋ (2)

In Eq. 2, the factor DP expresses an additional damping term added
to the standard structural damping factor D. Hence, it is possible to
increase sensibly the effective dynamic damping by assigning a
proper gain to the thrust component, ¡F , driven by the pitch action.
Such a goal can be pursued by employing Eqs. 3 and 4:

¡F =

(

¡F

¡�

)

¡�= −DP ẋ (3)

¡�= −
DP

¡F
/

¡�
ẋ (4)

where � is the pitch angle. Such a technique can be efficiently
applied in the presence of either a state estimator, such as a
Kalman filter (Grewal and Andrews, 2008), or an accelerometer
measuring the oscillation of the tower, since it requires the access
and knowledge of the first derivative in time of the oscillations at
tower top.

Control Loop Shaping

In this study, the analysis focused on the reduction of tower
vibrations in the fore-aft direction. The most common way to design
the standard tower control function encompasses a decentralized
feedback loop, employing the acceleration at tower top as a
measured signal. The output of the designed controller will be
represented by an extra collective pitch command, additional to
the standard pitch demand provided by the standard collective
pitch control (Bossanyi, 2000). Figure 1 represents a block diagram
typical of the standard approach employed for the design of
the tower control loop. The “collective pitch control” block is
responsible for the standard collective pitch angle command and
can be designed according to the suggestions presented in Bossanyi
(2000), Burton et al. (2001), and Hansen et al. (2005). For the sake
of clarity, within this paper the standard collective pitch control
will be designated as baseline control (BLC).

In our particular case, complying with the recommendations
present in Bossanyi (2000) and van Engelen et al. (2003), the
shaping of the control function consisted of the following terms:

• A pure integral action, capable of tracking the error of the
system and of allowing for a zero-error condition in steady-state
conditions;

Fig. 1 Tower feedback loop

• A band-pass filter, centered at the first natural frequency of the
tower fT ;

• A notch filter for damping the so-called 3P component (f3P =

3fP =ìr/10);
• A second notch filter, placed at an intermediate frequency

between the tower frequency and the 3P component, which improved
the step response of the analyzed linear system.

Equations 5 and 6 report the transfer functions typical of the
filters employed in our analysis:

Gbandpass 4s5=
2��ns

s2 + 2��ns +�2
n

(5)

Gnotch 4s5=
s2 + 2�1�n1is +�2

n1i

s2 + 2�2�n1is +�2
n1i

(6)

In Eq. 5, �n = 2�fT characterizes the first natural frequency of the
tower in the fore-aft direction, and � characterizes the corresponding
damping ratio. In Eq. 6, according to a similar terminology, �n1i

stands for the notch frequency, whereas �1 and �2 are the damping
ratios describing the sharpness of the notch filter.

In order to ensure nominal stability of the plant, a phase margin
(PM) of at least 45 degrees and a gain margin (GM) of at least
6 dB had to be satisfied within the frequency domain. The design
stage of the tower controller has been performed in MATLAB for
a family of linearized models, derived from a full-scale Bladed
model of the turbine, within the wind speed range from rated
wind speed Vr to cutout wind speed Vout . Figure 2 depicts the
characteristic Bode magnitude plot of the controlled closed loop
(grey curve) against the performance typical of the open loop (black
curve) for the case of standard tower control and a linear model of
the turbine for an operational point placed at 20 m/s. As seen in
Fig. 2, the introduction of a control function considerably dampens
the peak relative to the first natural frequency of the tower in the
fore-aft direction.

An additional gain-schedule algorithm, dependent on the mea-
sured collective pitch angle, wrapped up and refined the control

Fig. 2 Standard tower control: Closed loop (in grey) vs. open loop
(in black) performance for the UpWind turbine
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Fig. 3 STC vs. BLC

design, serving two fundamental functions. On the one hand,
through the gain-schedule algorithm, the tower control will take
in only in the full-load region of wind speeds (the area where a
wind turbine works at nominal power). On the other hand, it was
possible to adapt the overall control gain at each operational point
and, therefore, to restrict the aggressiveness of the tower control
loop. As a final step, the designed control underwent a trapezoidal
discretization process with a sampling period equal to 10 ms.

Demonstrative STC Application

Figure 3 demonstrates how the tower control loop functions once
it has been applied on the full-scale nonlinear model; the reported

Fig. 4 Effects of standard tower control on power spectrum for the
UpWind turbine

simulation was performed for an average wind speed of 20 m/s and
a turbulent intensity of 10%. As seen in Fig. 3, in the presence of
the additional tower control loop, the fore-aft bending moment
shrinks compared to the case of only collective pitch control. At
the same time, such a load reduction has been traded against a
more pronounced pitch activity.

Finally, to determine whether the designed tower control exerts
the desired action on the light-damped first tower fore-aft frequency,
Fig. 4 proves, for the above-mentioned simulation, that the tower
control is capable of inhibiting the energy peak located at the first
mode of the tower in the fore-aft direction. As shown in Fig. 4, the
typical peak associated with the fore-aft frequency of the tower has
considerably lessened. The peak mitigation depicted in Fig. 4 is
lower than the one depicted in Fig. 2; that is the result of the applied
gain-scheduling algorithm. At high wind speeds, we deliberately
set the tower control gain to one-third of the original gain value.

TIME-FREQUENCY ANALYSIS

Random Narrowband Frequency Demodulation (RNBD)

The main idea motivating the study was to figure out whether it
is possible to trigger the activation of the tower control loop only
in the presence of certain specific thresholds. In the literature, it
is possible to spot examples attempting to pursue this branch of
research (e.g., Egedal and Frydendal, 2010; Santos, 2006). In our
specific case, we concluded that such a trigger should have been a
so-called time-frequency technique, namely a random narrowband
frequency demodulation (RNBD). Such an algorithm has already
been applied in the field of wind energy, as reported in Sanz-
Corretge et al. (2014); this study introduces how the narrowband
frequency demodulation can successfully estimate the first dominant
frequency of the tower of an onshore wind energy converter and
how it potentially identifies occurrences of resonance.

The random narrowband frequency demodulation (RNBD) is
applicable to any oscillating system fulfilling the following two
conditions:

• In a frequency bandwidth near any natural mode of a vibratory
system, such a system may be treated as a single-degree linear
oscillator;

• Such a simplified linear system is characterized by white noise
external input and a narrowband dynamic response.

Preumont (1994) argues that the assumption of linear behavior is
generally not valid; however, since many practical engineering
cases do not involve large-scale displacement, such linear behavior
can still be considered sufficiently representative.

If the two above-mentioned conditions are satisfied, Eq. 7 can
describe the dynamics of the narrowband single-degree-of-freedom
system.

ÿ4t5+ 2�0�0ẏ4t5+�2
0y4t5= u4t5 (7)

where u4t5 represents an external input forcing the system, y4t5
stands for the dynamic output of such system, �0 is a damping
coefficient, and �0 is the characteristic frequency. Moving from the
time to the frequency domain, it is possible to derive the Laplace
representation of Eq. 7 in terms of transfer function:

H 4s5=
Y 4s5

U4s5
=

1

s2 + 2�0�0s +�2
0

(8)

where Y 4s5 and U4s5 stand, respectively, for the Laplace representa-
tion of the dynamic response y4t5 and forcing input u4t5.
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Then, it is possible to calculate the spectral moments of the
system into analysis, following one of the representations shown in
Preumont (1994) and in Newland (1993):

�2
y =

+�
∫

−�

Sy 4�5d�=

+�
∫

−�

�H 4j�5�2 Su4�5d� (9)

�2
ẏ =

+�
∫

−�

�2Sy 4�5d� (10)

In Eqs. 9 and 10, Su represents the power spectral density typical of
the input, u4t5, forcing the system; �y and �ẏ represent, respectively,
the variance of the system response and the variance of its first
time derivative. In the case of white noise being the forcing input,
Su is a constant, S0. Therefore, it is possible to formulate Eqs. 9
and 10 in the following ways:

�2
y = S0

+�
∫

−�

1
(

�2
0 −�2

)2
+ 4�2

0�
2�2

0

d�=
�S0

2�0�
3
0

(11)

�2
ẏ = S0

+�
∫

−�

�2

4�2
n −�252

+ 4�2
0�

2�2
n

d�=
�S0

2�0�0
(12)

In the end, the estimation of the central frequency component, �0,
of the narrowband system reduces to the ratio between Eq. 11 and
Eq. 12:

�0 û
�ẏ

�y

(13)

Such a central frequency is the average frequency where the
energy is concentrated in the signal (Preumont, 1994). Equation 13
is also known as the Rice ratio, as Sanz-Corretge et al. (2014)
mentioned. The quality of the estimation is evaluated by means of
a confidence interval. Sanz-Corretge et al. (2014) pointed out that
such a confidence interval may generally be modeled as a Fisher
statistical distribution.

To conclude, in the presence of a system showing narrow-
band dynamic behavior, narrowband frequency demodulation only
requires the calculation of the Rice ratio in Eq. 13 in order to
produce some frequency estimation of the response signal.

Analysis of a Synthetic Signal via RNBD

To realize how the devised time-frequency analysis operates, it
is possible to consider the synthetic signal given in Eq. 14:

u4t5=

{

305 sin46�t5 t ≤ 100 s

5 sin410�t5 100 s < t ≤ 600 s
(14)

Such a signal is characterized by a simulation time of 600 s
and a sampling frequency of 100 Hz. Furthermore, the signal
has a frequency content of 3 Hz in the first 100 s; afterward, a
second frequency of 5 Hz appears and describes the signal for the
remnant 500 s. Figure 5 summarizes how the narrowband frequency
demodulation works.

The analysis concentrates on the time window when the abrupt
change in frequency content occurs. Figure 5b shows the results
derived from a standard power spectrum analysis: such a fast
Fourier transform (FFT)-based algorithm can identify both main
frequencies, together with the respective amplitudes. However,
it would be cumbersome to detect in which time window each
of the two frequencies dominates the signal. On the other hand,

Fig. 5 Time-frequency analysis of a signal

Fig. 5c shows that the time-frequency method used successfully
captures how the frequency content of the signal evolves with
time. Nevertheless, since the approach requires the calculation of
standard deviations, the method needs a defined time window to
adapt quickly and resolve very sudden steps in frequency content,
as seen in the period between 100 s and 105 s. Such a time window
is a function of the buffer population (set to 500 samples for this
particular synthetic signal) over which standard deviations are
calculated. Clearly, the size of such a signal buffering also affects
the accuracy of the frequency estimation, as Sanz-Corretge et al.
(2014) pointed out. In general, a very sudden frequency shift, such
as that depicted in Fig. 5, will hardly appear in reality. Therefore,
the definition of the signal buffering is dominated by the objective
of accurate estimations.

Tower Vibrational Analysis via RNBD

Although the RNBD is a powerful tool, capable of estimating
the central frequency near any vibrational mode of a narrowband
vibratory system, it is not possible to directly extend its applicability
to the vibrational analysis of the tower of a wind turbine. Inspecting
the power spectral density of the acceleration signal at tower top, it
is straightforward to notice that the dynamics of the tower do not
fulfill the requirement of the narrowband dynamic response. In
fact, the tower dynamics (especially in the fore-aft direction) are
usually a multiband process that exhibits a strong coupling with
the flap-wise dynamics of the rotor blades (Burton et al., 2001).
Nonetheless, the design of a proper passband filter, located at the
central frequency to observe, allows for the reduction of the tower
dynamics to the case of a single-degree-of-freedom oscillator and,
consequently, for the application of the Rice ratio. In our case, the
RNBD has been implemented according to the following procedure:

• Employ the fore-aft acceleration at tower top as source;
• Pass the raw acceleration signal through a band-pass filter;
• Buffer the acceleration;
• In parallel, calculate the first derivative in time of the accelera-

tion and buffer it;
• Calculate the standard deviation of the buffered acceleration;
• Calculate the standard deviation of the buffered first derivative

of the acceleration; and
• Apply the Rice ratio according to Eq. 13.
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Fig. 6 Procedure to estimate tower frequency

Sampling frequency 100 Hz

Buffer population 3000 3570
Butterworth filter order 8
Band-pass filter bandwidth ±5% fT
Stop band attenuation 3 dB

Table 3 Time-frequency analysis: implementation details

Figure 6 better depicts the above-mentioned procedure for the
frequency estimation.

Table 3 collects the main parameters employed for the final
design of the RNBD for each of the two turbines accounted for in
this study. The presented values are the result of a “trial-and-error”
procedure; therefore, they are valid only within the scope of this
paper.

ADVANCED TOWER CONTROL (ATC)

After successfully designing and testing standard tower control
loop and time-frequency analysis, the next step was to identify and
design a proper algorithm enabling the time-frequency method to
mutually exchange information with the control loop and serve
it as a trigger. Consequently, the main idea behind the advanced
tower control was to devise an event-triggered control method that
couples two already established research areas that generally work
in parallel with each other. Within such an event-triggered scenario,
the tower control will take over providing additional pitch activity
only if the frequency information retrieved by the time-frequency
method has exceeded some specific thresholds, defined as part of
an activation logic.

Activation Logic

To allow the activation of the tower control action, the online
estimated frequency had to satisfy simultaneously two different
types of thresholds: the first limit has been defined in terms of
frequency content, the second in terms of activation time. Figure 7
is explicative of the selected activation process.

The estimated frequency exceeds the boundary in terms of
frequency content if it falls within a certain bandwidth near the
expected central frequency of the tower in the fore-aft direction.
Such a specification involves a relatively straightforward principle:
the acceleration signal (and, consequently, the fore-aft bending
moment) will likely show the most energetic amplitude in a
frequency range close enough to the first dominant frequency of
the tower. Therefore, through the definition of our frequency limits,

Fig. 7 Advanced tower control: activation logic

UpWind AREVA

Wind speed [m/s] Frequency bandwidth [Hz]

12

±2050% fUPWIND

±0000% fAREVA

14 ±1073% fAREVA

16 ±2000% fAREVA

18 ±2055% fAREVA

20 ±2017% fAREVA

22 ±1090% fAREVA

24 ±1080% fUPWIND ±1063% fAREVA

Table 4 Activation of the advanced tower control: frequency
bandwidth thresholds

we assume that the tower undergoes the high-amplitude excitations
within the defined frequency bandwidth. Clearly, the definition of
the frequency limits are to be determined in agreement with the
passband frequencies defined by the band-pass filter described in
Table 3.

Table 4 summarizes the frequency bandwidth used in our analysis.
It has to be remarked that the reported frequency boundaries are
the result of an iterative trial-and-error process, leading to the best
compromise in terms of load reduction and additional pitch activity.

The definition of the activation time limits the ON/OFF switching
activity of the tower control loop. Therefore, if the estimated
frequency has crossed the previously defined frequency boundaries,
the tower control loop will not be active until the estimated
frequency lies within such frequency limits for a predefined length
of time. In our study, the activation time has been defined through
an iterative process and set equal to 25% of the nominal period of
the tower, Thyst = 0025Ttower = 002541/fT 5.

Demonstrative ATC Application

It is helpful to characterize the advanced tower control in
comparison with the standard tower control technique. Figure 8
stresses such a comparison considering a time series showing a
hub wind speed of 18 m/s and a turbulence intensity of 14%. As
visible in Fig. 8c, in the period between 225 s and 245 s, the

Fig. 8 ATC vs. STC
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advanced tower control is not active, since the frequency content in
Fig. 8b, retrieved by the time-frequency analysis, falls outside the
prescribed thresholds. This inactivity of the tower control loop
results in smoother pitch rate command with respect to the case
where standard tower control is used. Figure 8d shows such a
characteristic.

RESULTS

Frequency Estimation

The first relevant step was to check whether the time-frequency
estimation was actually capable of an accurate estimation of the
first dominant frequency of the tower for both configurations. The
dominant frequency has been calculated as the mean value of the
estimated frequency over the length of the employed simulations
(600 s). Furthermore, to achieve a more global understanding, we
calculated the mean value of the estimated dominant frequencies
for each wind speed bin between 12 m/s and 24 m/s, since both
standard tower control and advance tower control work only at the
above-rated wind speed. The accuracy of the estimation has finally
been checked in terms of percentage with regards to the expected
value of the dominant frequency. Table 5 summarizes the results
for the estimation of the dominant frequency.

Fatigue Load Reduction

The second goal was to determine the performance of the
novel advanced tower control (ATC) in terms of load reduction
in comparison with the load alleviation achieved by the standard
tower control. For the case of both the UpWind and AREVA wind
turbines, we inspected the damage equivalent load (DEL) relative
to the fore-aft bending moment at tower bottom, and the pitch rate
lifetime-weighted standard deviation. Table 6 indicates the results
relative to the achieved load reduction in terms of DEL and pitch
rate activity. Results have been normalized by taking the case of
baseline control (BLC) as reference.

If the comparison is limited to the periods in which tower
control is active, the advanced tower control (ATC) has produced
an increase of +0.57% in terms of DEL and a decrease of −2031%
in terms of pitch activity for the case of the Upwind 5MW turbine,
when compared with standard tower control (STC). Likewise, for
the case of the AREVA M5000 turbine, the implementation of the

UpWind AREVA
Wind speed [m/s] ãf [%]

12 0.26 0.25
14 0.36 0.05
16 0.10 0.05
18 0.16 0.25
20 0.22 0.04
22 0.23 0.18
24 0.19 0.12

Table 5 Dominant frequency estimation: results

Upwind [%] AREVA [%]

Control scenario My1DEL �̇std My1DEL �̇std

BLC 100.00 100.00 100.00 100.00
STC 97.20 110.49 97.34 109.79
ATC 97.76 107.93 97.90 107.70

Table 6 Fatigue load reduction: achieved performance for different
control scenarios

Fig. 9 UpWind 5MW turbine: distribution of My1DEL as function of
the wind speed

advanced tower control (ATC) has led to an increase of +0.65%
in terms of load reduction but is counteracted by a decrease of
−2022% in terms of extra pitch activity, if compared with the
standard tower control (STC) method.

For a more thorough comparison of the advanced tower control
against the state-of-the-art tower control, Fig. 9 pictures the
distribution of the normalized DEL, for the fore-aft bending moment
at tower bottom, binned according to the respective average wind
speed.

DISCUSSION

The results have demonstrated that the online time-frequency
estimation is capable of robust estimations of the dominant fre-
quency for each of the analyzed configurations. Table 5 highlights
how our online estimation has produced lower errors compared
to the case reported in Sanz-Corretge et al. (2014). Furthermore,
looking at the problem from the perspective of fatigue load reduc-
tion, the proposed method was capable of alleviating almost all
the load amplitudes that the traditional tower control can, while
showing a more sustainable usage of the pitch actuator. This aspect
is particularly relevant if we consider that offshore wind turbines
are accessible only in a narrow timeframe of the year; therefore, it
is fundamental to avoid both unscheduled component replacement
and turbine operational downtimes, which are critical in terms of
energy production and, consequently, costs. State-of-the-art studies
(Fischer, 2012) have only stressed the focus on the load mitigation
objective, which is certainly a primarily concern. Our study has
instead tried to broaden the analysis to account for and limit side
effects, deriving from a solely “load-reduction” approach.

Nonetheless, the presented method has neglected some high
load amplitudes in the process of alleviating loads; this is the
consequence of the narrowband frequency demodulation being
able to retrieve information only about the frequency content of
a signal, regardless of the amplitude relative to such frequency.
Secondarily, the accuracy of the frequency estimation strongly
affects the triggering of the control loop: since the frequency
activation limits have been set up as a function of the expected
central frequency, offsets in the estimation of such frequencies may
also lead to the underestimation of low cycles and high-amplitude
fatigue load ranges.
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Our future work will therefore focus on the development of an
alternative hybrid tower control method wherein a time-frequency
technique, capable of detecting both a signal’s frequency and
amplitude, will replace the herein employed narrowband frequency
demodulation. It is expected that either a purely amplitude-based or
a combined amplitude-and-frequency-based approach may lead to
results that better match (or improve) the load reduction achieved
through state-of-the-art tower control, while still serving to reduce
the required pitch activity.

CONCLUSIONS

This study represents an incremental step within the optimization
problem typical of offshore wind turbine design and application.
First, we have described state-of-the-art technology in the areas of
tower control for fatigue load reduction and vibration analysis of
tower oscillations. Then, we have demonstrated how such apparently
discrete fields of expertise can be integrated efficiently in order
to deliver an advanced control technique that attempts to find a
reasonable compromise between the fatigue load reduction objective
and the need for reduced actuator activity. We have then compared
these advanced control techniques to cases in which traditional
control approaches are being employed. The developed method
could represent a valuable contribution to reduce direct turbine
costs through the achieved load reduction while limiting the costs
of undesirable and unscheduled pitch actuator maintenance.
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