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A B S T R A C T

Individual pitch control (IPC) is a technique used to reduce periodic blade loads in wind turbines. It generally 
uses the multiblade coordinate transformation to convert blade load measurements from a rotating frame into a 
two-axes non-rotating frame. Although these non-rotating axes are assumed to be decoupled, studies reveal 
persistent interactions. Reducing this coupling, such as by introducing an azimuth offset, enhances IPC perfor
mance. This study explores the impact of static inverted decoupling, which decouples the process in the steady 
state, on IPC performance. The proposed IPCs are adaptive, scheduling controller and decoupling gains based on 
operational conditions. In such IPC designs, the integral gains of the diagonal controllers and the decoupling 
elements can either be the same or different. These methods were validated on a simulated 15 MW wind turbine. 
Controller parameter optimization was accomplished through genetic algorithms to minimize blade fatigue 
loads, measured via the damage equivalent load (DEL). Results indicate that incorporating static inverted 
decoupling into IPC improves blade load reduction without increasing pitch actuator effort. IPCs with similar 
integral gains and matching absolute values in decoupling elements achieved the best balance between DEL 
reduction and complexity with minimal actuator effort, while additional optimization parameters provided 
negligible improvements.

1. Introduction

Offshore wind energy has experienced exponential growth in the last 
decade, with a global installed capacity of 64.3 GW in 2022, repre
senting 7.1 % of global wind capacity (Williams and Zhao, 2023). This 
growth is due to the need to diversify energy sources and reduce 
greenhouse gas emissions. Currently, large-capacity wind turbines with 
fixed monopile foundations represent the dominant technology in 
offshore wind energy (Musial et al., 2023), (Kapasakalis et al., 2024). 
The increase in the rotor size and generating capacity of wind turbines 
has brought significant challenges (Energy, 2021), (Patro et al., 2024). 
Aspects such as operational stability, safety, and vibration control have 
aroused increasing interest in the scientific community (Veers et al., 
2023), requiring the study of advanced control strategies to manage 
structural loads and ensure optimal performance in adverse environ
mental conditions.

Wind turbines operate in four main regions (Muñoz-Palomeque 

et al., 2024), each with specific characteristics and control requirements. 
In the full load region (Region III), where the wind speed exceeds the 
rated speed, collective pitch control (CPC) is used to regulate the rotor 
speed and limit the power generated (Lasheen et al., 2020), (El Yaakoubi 
et al., 2023). However, CPC is not sufficient to mitigate the asymmetric 
loads acting on the blades, which has led to the development of indi
vidual pitch control (IPC) (Bossanyi, 2003). IPC has become a key 
strategy to reduce the fatigue loads on the blades, especially harmonic 
loads (El Yaakoubi et al., 2023). Using multiblade coordinate (MBC) 
transformation (Routray et al., 2023), IPC converts blade rotation sig
nals to a fixed reference system, enabling the design of 
single-input-single-output (SISO) controllers (Bossanyi et al., 2013).

Despite its advantages, traditional IPC faces challenges due to the 
dynamic coupling between the tilt and yaw axes, which limits its 
effectiveness (Geyler and Caselitz, 2008). Traditional IPC methods use 
simple linear SISO controllers (El Yaakoubi et al., 2023), (Minh Le et al., 
2019), not always achieving effective decoupling between the tilt and 
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yaw dynamics (Geyler and Caselitz, 2008). This can result in unexpected 
behaviors under different wind and turbulence conditions, which has 
motivated the study of multivariable control methods, that better ac
counts for the complex interactions between the system dynamics. 
Multivariable control methods have been applied for years to various 
aspects of wind turbine control. This field is the subject of active interest, 
as evidenced by several studies that have developed different multi
variable control methodologies. These methodologies range from 
traditional decentralized PID controllers (Wu et al., 2008) to more so
phisticated techniques, such as model-based predictive control (Yang 
et al., 2007), robust H∞ control (Lasheen et al., 2020), and nonlinear 
control (Boukhezzar et al., 2007). Concrete examples of multivariable 
controllers in the IPC can be found in (Vali et al., 2016), (Yuan et al., 
2020). In recent years, work has been done using different optimization 
methods for IPC (Aktan and Bottasso, 2023), (Mulders et al., 2020), 
(Lara et al., 2023) that allow improving the controller performance by 
minimizing fatigue loads and adapting to varying wind conditions. Since 
the tuning of IPC controllers is a complex process due to the highly 
dynamic nature of wind turbines, where wind characteristics are 
constantly changing, there are studies that propose the use of genetic 
algorithms for controller tuning in wind turbines (Rasekh and Aliabadi, 
2023).

Among the multivariable control methods are the decoupling stra
tegies, which allow obtaining a decoupling in multivariable systems and 
are relatively easy to design and implement (Garrido et al., 2011). In 
(Ungurán et al., 2019) a static decoupling based on the inverse of the 
steady-state gain matrix of the process is used in the IPC to decouple the 
system at low frequencies and improve control performance. In (Mulders 
et al., 2019), authors proposed the inclusion of an azimuth offset in the 
inverse MBC transformation to decouple the system and demonstrated 
that it is similar to a normalized version of the steady-state gain matrix 

of the inverse plant.
Most decoupling network approaches are implemented using a 

conventional scheme where the decoupling network and its elements are 
equivalent to a matrix and its elements. In them, the control signals are 
obtained through a weighted combination of the decentralized 
controller outputs, but the scheme has several practical problems for its 
implementation (Garrido et al., 2011). Inverted decoupling is an alter
native scheme for implementing decoupling networks that derives the 
control signals as a combination of one decentralized controller output 
and the other control signals. Fig. 1 shows both decoupling approaches 
for 2 × 2 processes, where gij are the process transfer functions, dij are the 
decoupling elements, ci are the decentralized controllers, yi are the 
controlled variables, ui are the control signals, and ri are the references 
(Garrido et al., 2011). The inverted structure offers several advantages 
over other types of conventional decoupling. For example, it allows 
maintaining apparent processes similar to the original processes with 
simple decoupling elements (Garrido et al., 2011). In addition, it has 
important practical implementation advantages, as extensively investi
gated in (Garrido et al., 2011). In (Hägglund et al., 2022), static inverted 
decoupling is proposed to be applied to previous decentralized con
trollers that are designed only considering the diagonal process ele
ments. The static decoupling elements are calculated from the process 
steady-state gain matrix. The interaction is reduced, although due to 
the gain introduced by the static inverted decoupling, the authors pro
posed to retune the decentralized controller gains using a correction 
factor equal to (1-d12d21) in order to maintain the gain of the original 
control design.

In our previous study (Lara et al., 2024), we showed how dynamic 
inverted decoupling implemented in IPC can improve wind turbine 
performance by reducing interactions, thereby outperforming tradi
tional IPC strategies. The main objective of this study is to analyze the 

Fig. 1. Decoupling network approaches: a) conventional decoupling, b) inverted decoupling.
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performance improvement provided by the inclusion of optimal static 
inverted decoupling compared to the traditional decentralized IPC 
scheme. To carry out a fair comparison, the parameters of the different 
schemes were optimized with the objective of minimizing the fatigue in 
out-of-plane (OoP) blade loads according to the damage equivalent load 
(DEL) (Ragan and Manuel, 2007), thus ensuring impartiality in the 
evaluation process. The proposed schemes were applied to the Interna
tional Energy Agency (IEA) 15 MW reference wind turbine. Due to the 
nonlinearity of the system and its variation with wind speed, the pro
posed IPC schemes were implemented as adaptive controllers with gain 
scheduling within the nominal region. The main novelties of this work 
compared to the available literature are the following. 

• Static inverted decoupling in IPC: to the best of our knowledge, there 
is no research prior to the one carried out by the authors in their 
previous work (Lara et al., 2024), where the improvement of the 
existing interaction in IPC control loops by means of static inverted 
decoupling is addressed. Here, different combinations of such 
decoupling with the traditional IPC were studied and the improve
ments that can be achieved with them to minimize the fatigue load 
on the blades have been analyzed qualitatively and quantitatively.

• Adaptive IPC: the proposed IPC schemes were implemented as 
adaptive blocks where the controller gains and decoupling elements 
were adapted according to the mean value of the measured filtered 
blade moments, rather than based on the wind speed.

• Research on larger capacity turbines: most of the IPC research papers 
published to date have focused on the NREL 5 MW wind turbine. 
However, this study was conducted on the IEA 15 MW wind turbine, 
which is more relevant according to current sizes of offshore wind 
turbines.

The results show that the inclusion of the static inverted decoupling 
in the IPC achieves a greater reduction in the blade fatigue loads, using a 
pitch actuation effort similar to the traditional IPC. The article is orga
nized as follows: Section 2 introduces the background on IPC, Section 3
presents the methodology including the decoupling element design and 
parameter tuning, Section 4 provides a comparative analysis of the 
proposed controllers, and Section 5 details the conclusions and future 
research.

2. Background on individual pitch control

Individual Pitch Control (IPC) is a technique widely used in wind 
turbine control systems to mitigate the periodic loads experienced by the 
blades, particularly 1P (once per revolution) harmonic loads (Van 
Engelen, 2006). These loads arise due to blade rotation and are influ
enced by factors such as wind shear, turbulence, and tower shadow. IPC 
works by independently adjusting the pitch angle of each blade based on 
real-time load measurements, thus reducing the asymmetric loads that 
contribute to fatigue damage.

The core of IPC lies in the multiblade coordinate (MBC) trans
formation that converts the bending moments at the root of each blade 
from a rotating reference frame (associated with each blade) to a fixed 
(non-rotating) reference frame. This allows the control system to target 
specific load components. The MBC transformation maps the bending 
moments at the root of the blades from the rotating reference frame to 
the fixed frame. For a 3-bladed wind turbine, the transformation is 
defined as 

[
Mt(t)
My(t)

]

=T(ψ)

⎡

⎣
M1(t)
M2(t)
M3(t)

⎤

⎦, (1) 

where M1(t), M2(t), and M3(t) are the Out-of-Plane (OoP) bending mo
ments measured at the root of each blade; Mt and My are the tilt and yaw 
moments at the fixed frame, respectively; t is the time instant; ψ is the 

azimuth angle of the first blade; and T(ψ) is the direct MBC trans
formation matrix. The matrix T is defined as 

T(ψ)=2
3

⎡

⎢
⎢
⎣

cos(n ψ) cos
(

n
(

ψ +
2π
3

))

cos
(

n
(

ψ +
4π
3

))

sin(n ψ) sin
(

n
(

ψ +
2π
3

))

sin
(

n
(

ψ +
4π
3

))

⎤

⎥
⎥
⎦, (2) 

where n is the harmonic number (n = 1 for 1P loads).
Once the tilt and yaw moments have been obtained in the fixed 

frame, a control strategy is implemented to generate two pitch compo
nents. These components are used to reduce the 0P component of the 
aforementioned moments in the fixed frame, which correspond to the 1P 
component of the OoP moments in the rotational frame (Henry et al., 
2023). The control strategy typically used is a decentralized control with 
integral (I) controllers. The control laws for these tilt and yaw compo
nents are given by: 

⎧
⎪⎨

⎪⎩

βt = − kt

∫ t

0
Mtdt

βy = − ky

∫ t

0
Mydt

, (3) 

where βt and βy are the pitch commands for the tilt and yaw moments, 
respectively, in the fixed frame, and kt and ky are the integral gains of the 
tilt and yaw controllers, respectively. The objective of these controllers 
is to bring the tilt and yaw moments to zero, thus reducing the cyclic 
loads on the blades.

After calculating the pitch commands in the fixed frame, the inverse 
MBC transformation is applied to map these commands back to the 
rotating frame, where they are applied as individual pitch commands for 
each blade. The inverse transformation is given by 
⎡

⎣
βIPC1(t)
βIPC2(t)
βIPC3(t)

⎤

⎦=T− 1(ψ)
[

βt(t)
βy(t)

]

, (4) 

where βIPC1(t), βIPC2(t), and βIPC3(t) are the individual pitch commands 
for each blade and T− 1 is the inverse MBC transformation matrix. The 
final pitch command for each blade is the sum of the collective CPC pitch 
command and the individual IPC command. An example of this formu
lation can be found in (Bossanyi, 2003).

3. Proposed methodology

3.1. Environment for the modeling and simulation of wind turbines

This study focuses on the co-simulation of a wind turbine model 
using MATLAB/Simulink software, supported by OpenFAST software 
(Bonnie Jonkman, 2023). This approach allows a detailed simulation of 
the operating conditions of the wind turbine, facilitating analysis and 

Table 1 
IEA 15 MW RTW properties.

Property Value

Power rating 15 MW
Rotor orientation, configuration Upwind, 3 blades
Cut-In, Rated Rotor Speed 5 rpm, 7.56 rpm
Cut-In, Rated, Cut-Out Wind Speed 3 m/s, 10.59 m/s, 25 m/s
Drivetrain Low speed. Direct drive
Rated Generator Torque 19786767.5 Nm
Electrical Generator Efficiency 95.756 %
Rotor, Hub Diameter, Hub height 240 m, 7.94 m, 150 m
Rotor nacelle assembly mass 1070000 kg
Tower Mass 860000 kg
Blade pitch angle limits 0–90 deg
Pitch slew-rate limits 2 deg/s
Generator torque slew-rate limits 4500000 Nm/s
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improvement of the control strategies. In this particular case, the IEA 15 
MW wind turbine reference model was used (Niranjan and Ramisetti, 
2022). The turbine was configured as a monopile offshore turbine, and 
its main specifications are detailed in Table 1 (Gaertner et al., 2020). The 
key specifications of this wind turbine are as follows: it has a rated 
power output of 15 MW, a rated rotor speed of 7.56 rpm, and a rated 
wind speed of 10.59 m/s. In addition, the blade pitch actuator is subject 
to a rate of change limit of 2◦ per second. The turbine operates exclu
sively in the full load region, where the blades experience high stresses 
due to increasing bending moments as the average wind speed increases 
(Natarajan, 2022). In this specific region, a Proportional-Integral (PI) 
controller adjusts the blade pitch angle to regulate the rotor speed to its 
nominal value, while the torque controller saturates at the nominal 
torque.

Since the OpenFAST wind turbine model does not consider the dy
namics of the pitch actuators, the pitch actuators are modeled by a 
second-order transfer function with unity gain, a damping factor of 
0.707 and a natural frequency of 3.14 rad/s. The different proposed IPCs 
are adjusted by using an optimization process, whose objective is to 
minimize the average value of the DEL in the OoP moments of the 
blades.

TurbSim was used to generate the turbulent wind field required for 
the simulations (Jonkman, 2009). In particular, five operating points 
corresponding to the following average wind speeds were considered: 
14, 16, 18, 20, and 22 m/s. The wind profiles were designed according to 
the IEC standard (I. IEC, 2005), using a Kaimal turbulence spectrum, 
with a hub turbulence intensity of 10 % and a vertical shear charac
terized by a power law exponent of 0.2. The sampling frequency for the 
simulations was 200 Hz. TurbSim ensures that the simulated wind 

conditions are representative of the real scenarios faced by wind tur
bines during operation, thus providing accurate data to evaluate the 
performance and response of the control system under different turbu
lence conditions. In this study, still water was assumed because waves 
are not a determining factor in the study of blade fatigue for monopile 
offshore wind turbines.

3.2. Proposed control scheme

The control scheme adopted in this research, depicted in Fig. 2, 
consists of the integration of two control loops: a CPC and an IPC. The 
individual pitch signals are added to the collective pitch signal to obtain 
the final required pitch angle for each blade. Since the wind turbine 
operates at rated power within the full load region, the generator torque, 
Tg, remains constant at its rated value.

For the CPC, a pre-designed PI controller with gain scheduling was 
used, which is based on the open-source reference controller ROSCO, in 
line with the parameters studied in (Abbas et al., 2022). The function of 
the CPC is to efficiently counteract wind speed variations and ensure 
that the generator speed ωg is maintained at its rated value, while IPC is 
responsible for reducing the cyclic loads on the blades, which are 
associated with various harmonic components.

In IPC, the model of the process linearized at an operating point can 
be defined by the 2 × 2 transfer matrix G(s) in (5), where the controlled 
variables are the tilt and yaw moments, and the control signals are the 
tilt and yaw pitch signals. If a conventional decoupling network D(s) as 
shown in Fig. 1(a) is designed to achieve a diagonal apparent process G 
(s)D(s) equal to the diagonal elements of G(s), the decoupling network in 
(6) is required. This is called ideal decoupling (Garrido et al., 2011) and 

Fig. 2. IPC + CPC control system scheme for the full-load region. The CPC provides a common pitch command angle for the blades to regulate the generator 
rotational speed at its rated value. Meanwhile, the IPC determines a distinct action for each blade to reduce the blade moments.

Fig. 3. General 1P IPC scheme with static inverted decoupling and a decentralized control composed of two integral controllers, the forward MBC transformation T 
(ψ) and the inverse MBC transformation.
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its decoupling elements can be very difficult to implement. However, 
using the inverted decoupling structure of Fig. 1(b), this diagonal 
apparent process can be obtained with the two decoupling elements in 
(7), which are simpler to calculate and implement. These decupling el
ements do not directly correspond to the elements of a decoupling ma
trix D(s); however, inverted decoupling structure is an alternative 
approach for implementing conventional ideal decoupling. As shown in 
(Garrido et al., 2011), inverted decupling structure is equivalent to the 
conventional decoupling matrix in (8). 
(

Mt(s)
My(s)

)

=G(s)
(

βt(s)
βy(s)

)

=

(
g11(s) g12(s)
g21(s) g22(s)

)(
βt(s)
βy(s)

)

(5) 

D(s)=G− 1(s)
(

g11(s) 0
0 g22(s)

)

=

(
g11(s)g22(s) − g12(s)g22(s)
− g21(s)g11(s) g11(s)g22(s)

)

g11(s)g22(s) − g12(s)g21(s)
(6) 

d12(s)=
− g12(s)
g11(s)

and d21(s) =
− g21(s)
g22(s)

(7) 

D(s)=

(
1 d12(s)

d21(s) 1

)

1 − d12(s)d21(s)
(8) 

When focusing on low frequency interactions, the decoupling ele
ments can be calculated on the basis of the steady-state gains matrix G 
(0) and using the expressions in (7) with s = 0. This static inverted 
decoupling makes the apparent process (the combination of the process 
and the decoupling network) diagonal in steady state with the diagonal 
elements of G(0) (g11(0) and g22(0)). These two steady-state gains can be 
used to reduce undesired interactions at low frequencies between the 
two controlled variables, improving the performance of the IPC system.

As shown in Fig. 3, the IPC scheme implemented in this research 
incorporates the MBC transform for the 1P harmonic, the internal con
trol to reduce the Mt and My moments, and the inverse MBC transform. 
The internal control scheme consists of two integral controllers and, in 
addition, the possibility of including two decoupling gains (d12 and d21) 
following the structure of the inverted decoupling previously described.

Variations in wind speed, w, modify the operating point of the wind 
turbine and consequently affect the performance of the control system. 
In this paper, an adaptive control by gain-scheduling was proposed to 
ensure that the control system performed properly under different wind 
conditions. To create an adaptive IPC, the controller was tuned for five 
operating points according to the wind conditions. However, the wind 
speed was not used as a scheduling variable; instead, it was proposed to 
use the mean value M of the filtered blade moments (Lara et al., 2023). 

Other studies have used the mean wind speed as the adjustment variable 
(Serrano et al., 2022); however, this approach requires additional sen
sors or estimators. In contrast, the proposed scheduling variable, the 
mean momentum M, can be easily calculated from the blade moment 
measurements already employed in the IPC, which simplifies the 
implementation of the adaptive control system. We assumed a mono
tonic relation between the operation point and the load since only the 
above-rated region is considered. In this region, the average moment M 
depends almost entirely on the average wind speed, and the higher the 
wind speed, the lower the average blade moment. Fig. 4 shows this 
relationship for the five operating points considered for the IEA 15 MW 
wind turbine. Although the average moment decreases with wind speed, 
the periodic components of these moments, the amplitude of their 
fluctuations, and their standard deviation increase with wind speed and 
turbulence. It is for this reason that the DEL value of the OoP bending 
moments of the blades also increases, and this is what the IPC seeks to 
reduce.

Once the optimal parameters are obtained for each operating point, 
the adaptive gain-scheduled IPC calculates the required control pa
rameters by linear interpolation of the optimal parameters based on the 
mean value M of the filtered blade moments. This allows the control to 
continuously adjust to variations in the operating conditions.

3.3. Individual pitch controllers under study

We designed and compared different IPCs, classified according to the 
number and type of parameters (degrees of freedom) to be adjusted and 
how these are calculated. The parameters kt and ky represent the integral 
tilt and yaw gains, respectively. In addition, the IPC schemes include two 
additional gains due to the static inverted decoupling (d12 and d21). 
Depending on the case, the integral gains can be forced to be equal or 
not, the decoupling elements can also be forced to be equal in absolute 
value or not, and they can be calculated based on prior knowledge of the 
process or by optimization. The integral gains are calculated by opti
mization except for one case, IPC2, where they are retuned based on 
IPC1 and the decoupling elements. Combining these factors, eight IPCs 
are proposed for a comprehensive comparison of IPC configurations, 
evaluating their performance in terms of blade load reduction. The 
proposed IPCs are as follows. 

• IPC1 (I1): two identical integral controllers are used, as they are 
required to have the same gain; no decoupling is used. Therefore, kt 
= ky and d12 = d21 = 0. The common controller gain is only 
parameter to tune. This is considered as the baseline control that is 
intended to be improved by the inclusion of static inverted 
decoupling.

• IPC2 (ID): two decoupling elements are used, calculated based on 
prior knowledge of the steady state dynamics of the system, that is, 
the steady-state gain matrix G(0). Then the integral gains of IPC1 are 
retuned by multiplying by a correction factor proposed in (Hägglund 
et al., 2022) and equal to (1-d12d21). This factor corresponds to the 
denominator in (8) and it removes the change of gain in the con
trollers produced by the static decoupling network. No optimization 
is performed.

• IPC3 (I1D): two equal integral controllers (kt = ky) and two decou
pling elements are used, the latter being calculated before optimi
zation in the same way as in IPC2. There is one parameter to 
optimize: the common integral controller gain.

• IPC4 (I2D): is similar to IPC 3 but two different integral controllers 
(kt∕=ky) are used. The decoupling elements are calculated before 
optimization in the same way as in IPC2 and IPC3. There are two 
parameters to optimize: the two different integral gains of the 
controllers.

• IPC5 (I1D1): two identical integral controllers are used (kt = ky), and 
two decoupling elements identical in absolute value, but of opposite 

Fig. 4. Relationship between the mean OoP blade moment and the mean wind 
speed for the IEA 15 MW RWT operating in the nominal region.
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sign (d12 = -d21). The reason behind this choice is discussed later. 
There are two parameters to be optimized: the common integral gain 
of the controllers and the common absolute value of the decoupling 
elements.

• IPC6 (I1D2): an identical integral gain (kt = ky) and two different 
decoupling elements are used. There are three parameters to opti
mize: the common integral controller gain and the two decoupling 
elements.

• IPC7 (I2D1): two different integral controllers (kt∕=ky) and two 
decoupling elements identical in absolute value but of opposite sign 
(d12 = -d21) are used. There are three parameters to optimize: the two 
controller gains and the common absolute value of the decoupling 
element.

• IPC8 (I2D2): two different integral controllers (kt∕=ky) and two 
different decoupling elements are used. There are four parameters to 
optimize: the two controller gains and the two decoupling elements.

3.4. Calculation of the stationary inverted decoupling elements

One of the central objectives of this study is to address the IPC 
control problem related to the coupling present in the two control loops 
of the moments on the non-rotational axes within the MBC trans
formation. In this context, the process is treated as a multivariable sys
tem with two output variables (the moments Mt and My) controlled by 
two manipulated variables (the pitch signals βt and βy).

In the proposed IPCs 2, 3, and 4 (ID, I1D, and I2D), the static 
decoupling elements are calculated not by optimization but on the basis 
of the steady-state gains of such a linearized 2 × 2 process at an oper
ating point. This steady-state process at an operating point is defined by 
(5) doing s = 0 and the decoupler gains d12 and d21 are calculated using 
(7) with s = 0.

The non-linearity of the system generates variations in the approxi
mate linear models, depending on the operating point. Table 2 shows the 
steady-state gains of the 2 × 2 process for the IPC in the operating points 
considered, as well as the corresponding decoupling elements calculated 
according to (7). The decoupling elements present practically equal 
values (although of opposite sign) without significant differences in the 
absolute value, so they are set to an equal and intermediate value for 
each operating point. This is the reason why we propose using two 
decoupling elements identical in absolute value but of opposite sign (d12 
= -d21) in some of the studied IPCs.

3.5. IPC tuning by optimization via genetic algorithms

The tuning of the IPC parameters is carried out through an optimi
zation process, the main objective of which is to minimize the fatigue 
load on the blades, taking into account the OoP moments of the blades. 
For the fatigue assessment of wind turbines, the DEL index is usually 
calculated offline from the time series of the simulation data using cycle 
counting techniques. This implies that the assessment of the DEL cannot 
be performed analytically in real time. To facilitate this process, the 
MLife script suite of NREL (MLife wind research) was used for the 
post-processing of the data generated in each simulation, allowing the 
corresponding DEL values to be extracted.

In the framework of the proposed optimization, the mean DEL value 

of the three OoP moments of the blades, denoted as DEL(M), is the 
objective function to be minimized, i.e., the cost function J. Afterwards, 
the designs are assessed by multiple simulations with winds generated 
with same turbulent properties but different turbulent seeds. The 
formulation of the optimization problem is expressed as follows: 

min DEL(M) =
∑3

i=1
DEL(Mi(p))

/

3

subject to
solution of the

model

p ∈ S

(9) 

The IPC tuning parameters determine the vector p of the decision 
variables. According to the IPC scheme, the dimensionality of the 
parameter vector varies from one to four. Consequently, the solution 
space S is constrained as follows. 

• S∈ℝ1 for IPC1 and IPC3 in which only an integral gain is optimized, 
where kt = ky and decoupling elements are zero (IPC1) or they are 
calculated and fixed beforehand (IPC3). These cases represent the 
simplest configurations for optimization.

• S∈ℝ2 for IPC4, which considers two different integral gains, and the 
decoupling elements are pre-calculated, and for IPC5, which sets 
identical integral gains and decoupling elements equal in absolute 
value.

• S∈ℝ3 for IPC6 (I1D2), which provides for two equal integral gains 
and different decoupling elements, and for IPC7 (I2D1), which pro
vides for different integral gains and an equal absolute value of the 
decoupling element.

• S∈ℝ4 for IPC8 involving two different integral gains and two 
different decoupling elements. This is the most complex case for 
optimization.

The main objective of the optimization is to reduce the DEL of the 
blades, which is influenced by the parameter vector p. This process 
considers the dynamic behavior of the wind turbine model and the 
control system and is subject to the constraints defined in the solution 
space S. Given that the cost function J and the dynamic model of the 
wind turbine in OpenFAST are highly complex and cannot be evaluated 
analytically, the proposed optimization is carried out using a simulation- 
based approach, as illustrated in Fig. 5. First, the initial values of the 
decision variables are set in the vector p0. Then, the optimization 

Table 2 
Steady-state gains of the process and static decoupling elements for different operating points.

w (m/s) g11(0) 
(kNm/rad)

g12(0) 
(kNm/rad)

g21(0) 
(kNm/rad)

g22(0) 
(kNm/rad)

d12 d21

14 − 1.8926⋅105 2.0605⋅105 − 2.0689⋅105 − 1.9061⋅105 1.09 − 1.09
16 − 1.9723⋅105 2.1765⋅105 − 2.1923⋅105 − 1.9867⋅105 1.10 − 1.10
18 − 1.9929⋅105 2.2746⋅105 − 2.3224⋅105 − 2.0356⋅105 1.14 − 1.14
20 − 1.9498⋅105 2.3787⋅105 − 2.4872⋅105 − 2.0763⋅105 1.21 − 1.21
22 − 1.8453⋅105 2.4708⋅105 − 2.6761⋅105 − 2.0578⋅105 1.34 − 1.34

Fig. 5. Simulation-based optimization process.
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procedure initiates an iterative loop. In each iteration of this loop, the 
optimizer in MATLAB performs various co-simulations using Open
FAST/Simulink, calculates the objective function J, and searches for the 
optimal solution p*. This process results in a nonlinear problem that 
requires a considerable number of calculations and computational time.

The different IPC schemes are optimized by simulating the IEA 15 
MW wind turbine model at the five operating points defined earlier. 
Each simulation lasts for 800 s, with the first 200 s discarded to elimi
nate transient effects. This ensures that the collected data reflect the 
stable behavior of the turbine during operation. During each iteration of 
the procedure, the effects of different parameter configurations on the 
turbine performance are evaluated. At the end of each cycle, the opti
mizer adjusts the parameter values based on the results obtained, 
effectively seeking the configuration that reduces DEL(M) throughout 
the simulations.

The proposed optimization process represents a complex nonlinear 
problem that requires considerable computational effort. To improve 
the efficiency of the calculations, the optimizer uses a genetic algorithm. 
Genetic algorithms are optimization and search techniques inspired by 
the natural selection process in biology. These algorithms use mecha
nisms such as mutation, crossover and selection to generate increasingly 
better solutions to a given problem. They work with a population of 
possible solutions that evolve iteratively, selecting the best ones and 
combining them to create new generations of solutions. This technique 
is particularly suitable for complex problems because it effectively ex
plores the solution space, finding parameters that minimize the cost 

function J quicklier than traditional methods. The basic concepts (se
lection, crossover, mutation, elitism) and theoretical foundations of the 
implemented algorithm are detailed in (Goldberg, 1989), (Goldberg and 
Deb, 1991). In the proposed optimization, the chromosomes are 
composed of the parameters (kt, ky) for the IPC controllers without 
inverted decoupling and (kt, ky, d12, d21) for the IPC controllers that 
include inverted decoupling. The search ranges for the integral gains are 
set between [0–5⋅10− 5] rad⋅kNm− 1s− 1, while the elements of the 
inverted decoupling are restricted to the interval [0–10] in absolute 
value. The population is configured with 625 individuals (5 × 5 × 5 × 5) 
for IPC that requires tuning of four parameters; for those requiring one 
or two parameters, the population size is 100, and for IPCs with three 
parameters, it is set to 250. An elite count equivalent to 5 % of the 
population size was used for reproduction, a crossover fraction of 0.8, 
and a mutation probability of 0.2 for generating offspring. In this study, 
the optimization process is stopped after reaching 50 generations 
without changes in the best fitness, as this number has been observed to 
be sufficient for achieving convergence in the proposed optimization.

4. Results and discussion

4.1. Optimization results

This section presents the results obtained after the optimization of 
the IPC schemes at five operating points in the full-load region for wind 
speeds ranging from 14 to 22 m/s. Table 3 shows the DEL(M) values, the 

Table 3 
Optimization results for different IPCs at the five operation points.

IPC scheme Parameter Wind speed (m/s)

14 16 18 20 22

1 I1 DEL(M) (MNm) 17.00 16.27 18.74 22.32 16.73
kt = ky (rad/kNms) 5.20⋅10− 7 4.35⋅10− 7 1.63⋅10− 7 1.34⋅10− 7 8.47⋅10− 8

2 ID DEL(M) (MNm) 15.68 15.07 18.36 20.37 15.54

kt = ky (rad/kNms) 1.14⋅10− 6 9.61⋅10− 7 3.75⋅10− 7 3.30⋅10− 7 2.32⋅10− 7

d12 = − d21 1.09 1.10 1.14 1.21 1.32
3 I1D DEL(M) (MNm) 15.24 15.01 16.50 17.89 13.90

kt = ky (rad/kNms) 1.73⋅10− 6 2.46⋅10− 6 2.96⋅10− 6 3.08⋅10− 6 3.75⋅10− 6

d12 = − d21 1.09 1.10 1.14 1.21 1.32
4 I2D DEL(M) (MNm)  14.99 14. 97 16.34 17.65 13.89

kt (rad/kNms) 1.63⋅10− 6 2.54⋅10− 6 2.83⋅10− 6 1.86⋅10− 6 3.48⋅10− 6

ky (rad/kNms) 1.07⋅10− 6 1.43⋅10− 6 4.72⋅10− 6 3.86⋅10− 6 3.76⋅10− 6

d12 = − d21 1.09 1.10 1.14 1.21 1.32
5 I1D1 DEL(M) (MNm) 14.39 14. 68 16.23 17.23 13.40

kt = ky (rad/kNms) 5.27⋅10− 6 5.39⋅10− 6 7.20⋅10− 6 8.30⋅10− 6 7.99⋅10− 6

d12 = − d21 4.83 3.03 1.98 5.00 3.73
6 I1D2 DEL(M) (MNm)  14.35 14. 67 16.13 17.21 13.39

kt = ky (rad/kNms) 1.61⋅10− 5 6.50⋅10− 6 6.56⋅10− 6 5.33⋅10− 6 7.56⋅10− 6

d12 5.52 3.79 1.58 6.50 3.61
d21 − 6.40 − 2.13 − 2.32 − 2.83 − 3.73

7 I2D1 DEL(M) (MNm)  14.35 14. 67 16.18 17.23 13.39

kt (rad/kNms) 1.27⋅10− 5 6.21⋅10− 6 5.11⋅10− 6 6.87⋅10− 6 9.70⋅10− 6

ky (rad/kNms) 1.62⋅10− 5 4.62⋅10− 6 6.75⋅10− 6 7.74⋅10− 6 8.06⋅10− 6

d12 = − d21 5.23 3.06 1.71 4.59 4.10
8 I2D2 DEL(M) (MNm)   14.33 14. 64 16.11 17.20 13.38

kt (rad/kNms) 6.69⋅10− 6 4.80⋅10− 6 5.39⋅10− 6 6.42⋅10− 6 7.88⋅10− 6

ky (rad/kNms) 3.39⋅10− 6 3.83⋅10− 6 6.16⋅10− 6 8.27⋅10− 6 7.96⋅10− 6

d12 6.69 4.74 2.53 3.47 3.51
d21 − 3.14 − 4.03 − 1.52 − 4.89 − 3.84
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integral gains kt and ky, and the decoupling elements d12 and d21 for each 
proposed control scheme. To evaluate the effectiveness of the strategies, 
the IPC1 (I1) scheme, which corresponds to the controller with a single 
adjustable parameter and no decoupling, was taken as the baseline. 
Table 4 shows the relative values of the DEL(M) for each control scheme 
with respect to the IPC 1 (baseline) at each wind speed. Fig. 6 shows a 
bar chart with the average values of relative DEL(M) of the five oper
ating points analyzed for each control scheme with respect to the 
baseline IPC1.

From the comparison of the different control schemes at each oper
ating point with respect to the baseline IPC1, the following can be stated. 

• The incorporation of static inverted decoupling improves the base
line IPC1 control in all cases in the reduction of the DEL(M). A 
reduction between 6 % and 16 % is achieved depending on the IPC 
considered.

• The IPC2 (ID), which only needs to manually determine the decou
pling elements and readjust the integral gains of the baseline IPC, 
manages to reduce the DEL(M) by more than 7 % except around 18 
m/s, where this reduction is only about 2 %. This scheme only re
quires calculating the decoupling elements based on the stationary- 
state gain matrix of the process in (5) according to (6) and read
justing the integral gains by multiplying by a simple computation 
factor. These parameters vary slightly depending on the wind speed.

• The IPC3 (I1D) introduces the previous manually calculated decou
pling elements and optimizes the integral gains, which are forced to 
be equal (kt = ky). It reduces the DEL(M) by a mean of 13.36 %, 
particularly standing out at 20 m/s, where it achieves a reduction of 
19.85 %. This is a significant improvement over the baseline control, 
maintaining the design simplicity without increasing the computa
tional complexity.

• The IPC4 (I2D) uses the same decoupling elements as the previous 
IPCs and optimizes the two integral gains, allowing them to be 
different. Although it introduces an additional parameter to opti
mize, it does not significantly improve the previous IPC2, achieving a 

DEL(M) reduction of only 14.10 %, with maximum reductions of 21 
% at wind speeds between 20 and 22 m/s.

• The IPC5 (I1D1) forces equal integral gains and decoupling elements 
of equal absolute value and optimizes both parameters. This allows 
for greater adaptability to wind conditions, achieving a DEL(M) 
reduction of 16.25 %, with a maximum of 22.80 % at 20 m/s. This 
scheme represents a remarkable balance between simplicity and 
effectiveness, as it adds only one additional parameter to optimize 
and improves performance by nearly 3 % more than IPC3 (I1D).

• The IPC6 (I1D2) optimizes two decoupling elements and an integral 
gain (kt = ky). This scheme achieves a DEL(M) reduction of 16.44 %, 
with a maximum of 22.89 % at 20 m/s. Despite its additional 
complexity with three parameters to optimize, it provides almost no 
improvement over the previous control, IPC5, which offers similar 
improvements with one less parameter.

• The IPC7 (I2D1) also optimizes the three parameters and achieves 
similar DEL reductions as the previous controls IPC5 and IPC6.

• IPC8 (I2D2), despite optimizing four parameters, achieves similar 
DEL reduction as the previous three IPCs, but only slightly higher.

Following the above analysis, the IPC2 (ID) stands out for its 

Table 4 
Relative DEL(M) values of the proposed IPCs with respect to the baseline IPC1.

Wind Speed (m/s) 2 ID 3 
I1D

4 
I2D

5 
I1D1

6 
I1D2

7 
I2D1

8 
I2D2

14 92.24 % 89.65 % 88.18 % 84.65 % 84.41 % 84.41 % 84.29 %
16 92.63 % 92.26 % 92.01 % 90.23 % 90.17 % 90.17 % 89.98 %
18 98.01 % 88.05 % 87.19 % 86.61 % 86.07 % 86.34 % 85.97 %
20 91.29 % 80.15 % 79.08 % 77.20 % 77.11 % 77.20 % 77.06 %
22 92.88 % 83.08 % 83.02 % 80.10 % 80.04 % 80.04 % 79.98 %

Fig. 6. Relative DEL(M) values for the proposed IPCs with respect to the 
baseline IPC1.

Fig. 7. Graphical representation of the optimization results of the controller 
gains kt and ky, the common decoupling gains, and the mean DEL value of the 
OoP blade moments with respect to the five wind speeds considered in the 
nominal region for the IPCs 1, 2, 3, and 5.
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simplicity of calculation from a previous IPC design, without the need 
for optimization, although it achieves only about half the DEL reduction 
of the other proposed IPCs. The IPC3 (I1D) stands out for its simplicity 
and effectiveness. With only one parameter to optimize, it achieves 
almost twice the DEL(M) reduction of IPC2 with values close to the other 
IPCs. The IPC5, with only two parameters to optimize, achieves a DEL 
(M) reduction of 16.25 %, almost 3 % more than IPC2. These two cases 
(IPC3 and IPC5) are the most effective in terms of DEL reduction and 
calculation simplicity. The other IPCs with more parameters to optimize 
are not justified by the small improvement in DEL reduction. Therefore, 
these three IPCs will be studied in more detail in comparison with the 
baseline IPC1.

A graphical representation of the data from these selected schemes is 
shown in Fig. 7, where the integral gains of the IPC, the decoupling el
ements, and the DEL(M) values are presented as a function of the wind 
speed. From Fig. 7, we can analyze the variations of the control pa
rameters (kt, ky, d12, and d21) in the selected IPCs for different wind 
speeds. In the baseline control, the integral gains decrease with wind 
speed from 5.20⋅10− 7 rad/kNms at 14 m/s to 8.47⋅10− 8 rad/kNms at 22 
m/s. This makes sense since the steady-state gains of the diagonal pro
cess controlled by the IPC tend to increase with wind speed (Table 2). 
However, by introducing static inverted decoupling in IPCs 2, 3, and 5, 
the integral gains are larger; furthermore, in IPCs 3 and 5, instead of 
decreasing with wind speed, the integral gains tend to increase. For 
example, in IPC3, the integral gains increase from 1.73⋅10− 6 rad/kNms 
to 3.75⋅10− 6 rad/kNms; and in IPC5, they increase from 5.27⋅10− 6 rad/ 
kNms to 7.99⋅10− 6 rad/kNms. The optimization allows for greater 
sensitivity and responsiveness across the speed range adapted to the 
increase in dynamic loads with wind speed.

As for the decoupling elements, those calculated manually vary 
proportionally with wind speed increasing slightly in absolute value 
from 1.09 to 1.32. When this value is optimized (IPC5), the absolute 
values of the decoupling elements are significantly larger and vary non- 
linearly between a peak of 5 and a minimum of 2.

4.2. Simulation results

This section evaluates in more detail the performance of the previ
ously designed and implemented adaptive IPC schemes under more 
realistic conditions. For this purpose, three simulation cases were car
ried out using different wind profiles that included a stochastic turbu
lence component. The mean wind speed was kept within the nominal 
region in each case. These wind conditions were analyzed to study both 
the performance and robustness of the proposed adaptive IPC schemes.

The wind profiles were generated with the TurbSim tool, following 
the specifications of IEC 61400-1. Each simulation had a total duration 
of 1200 s, although the first 200 s were discarded to eliminate transient 
effects. In case 1, the mean wind speed ranged between 14 and 18 m/s; 
in case 2, between 16 and 20 m/s; and in case 3, between 18 and 22 m/s. 
For each case, six different simulations were performed using wind 
profiles with the same turbulent properties but different turbulent seeds. 
From the data obtained, the most relevant variables were analyzed in 

both the time and frequency domains for each control strategy. In 
addition, several performance indicators related to the blade moments 
and pitch actuator effort were calculated. In the analysis, the IPC1 (I1) 
was used as the baseline.

Table 5 shows the average DEL(M) of the blades, denoted by DEL 
(M), over the six simulations with different seeds for the different pro
posed IPCs. The mean NAT of the three pitch actuators, NAT(β), was 
used to measure the control effort and is defined in (10) (Gambier, 
2022). Table 5 also shows the average NAT(β), denoted by NAT (β). The 
DEL(M) and NAT(β) were calculated for each proposed IPC from data 
obtained from a 1000 s simulation and then averaged over the 6 
different seed simulations. This allowed a comprehensive evaluation of 
the performance of each control scheme under different wind condi
tions. Fig. 8 shows a bar chart with the average relative DEL (M) and 
relative NAT (β) values of the proposed IPCs with respect to the baseline 
IPC1 averaged over the three simulation cases analyzed. 

NAT(β) =
1
3
∑3

i=1

(
1
T

∫ T

0

⃒
⃒
⃒
⃒
β̇i(t)
β̇max

⃒
⃒
⃒
⃒dt

)

(10) 

From Table 5 and Fig. 8, it can be stated that the static inverted 
decoupling manages to reduce the average DEL of the OoP moments of 
the blades with a control effort, given by the average NAT (β), similar to 
or even lower than the baseline IPC. As for the DEL (M), the proposed 
IPCs reduced it between 85.10 and 89.25 % in simulation case 1 with a 
NAT (β) of 92.15 % for IPC2 and values between 94.66 and 96.54 % for 
the rest of the IPCs. In case 2, the best performances were achieved with 
reductions of DEL (M) to values of 88.3 % for IPC2, and to values be
tween 82.34 and 82.82 % for IPCs from 3 to 8. The NAT (β) of IPC2 was 
reduced to a value of 96 % while it is slightly increased to values 

Table 5 
Average performance indicators for the IPCs calculated from the simulation data for each simulation case.

IPC scheme DEL (M) (MNm) NAT (β) (%)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

1 I1 20.26 (100.00 %) 21.46 (100.00 %) 22.23 (100.00 %) 42.9 (100.00 %) 43.69 (100.00 %) 47.05 (100.00 %)
2 ID 18.08 (89.25 %) 18.95 (88.30 %) 20.75 (93.35 %) 39.53 (92.15 %) 41.94 (96.00 %) 46.64 (99.13 %)
3 I1D 17.53 (86.53 %) 17.70 (82.46 %) 19.58 (88.07 %) 41.19 (96.10 %) 44.25 (101.20%) 50.78 (107.83 %)
4 I2D 17.57 (86.71 %) 17.73 (82.60 %) 19.11 (85.95 %) 41.06 (95.83 %) 44.40 (101.51 %) 50.23 (106.63 %)
5 I1D1 17.26 (85.17 %) 17.77 (82.82 %) 19.19 (86.31 %) 41.01 (95.65 %) 44.46 (101.64 %) 49.74 (105.58 %)
6 I1D2 17.29 (85.34 %) 17.70 (82.46 %) 19.28 (86.75 %) 41.35 (96.54 %) 44.45 (101.56 %) 49.64 (105.34 %)
7 I2D1 17.24 (85.10 %) 17.67 (82.34 %) 19.15 (86.13 %) 41.07 (95.83 %) 44.32 (101.35 %) 49.64 (105.38 %)
8 I2D2 17.52 (86.49 %) 17.68 (82.40 %) 19.13 (86.06 %) 40.59 (94.66 %) 44.07 (100.77 %) 49.70 (105.50 %)

Fig. 8. Average values of the relative DEL (M) and NAT (β) values for the 
proposed IPCs with respect to the baseline IPC1.
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between 100.77 and 101.64 % for the remaining IPCs. Case 3 is the one 
with the worst values: IPC2 reduces the DEL (M) to only 93.35 %, while 
the other IPCs reduced it to values between 85.95 and 88.07 %; more
over, IPCs from 3 to 8 increased their NAT (β) between 5.34 and 7.83 % 
and IPC2 reduced it to 99.13 %.

In summary, IPC2 (ID) reduces DEL (M) the least, to only 90.30 % on 
average but is the IPC with the lowest average NAT (β) of 95.76 %. The 
remaining IPCs (from 3 to 8) achieve further average reductions of the 
DEL (M) to values between 84.53 % (for IPC7) and 85.69 % (for IPC3), 
while the average NAT (β), at around 101 % in almost all these cases, is 
very similar to that of IPC1; the somewhat slightly smaller noticeable 
increase in control effort is for IPC8, which has an average NAT (β) of 
100.31 %. Considering the above analysis and the computational 
complexity of each proposed IPC, IPCs with more than two parameters 
to be optimized are not justified as they do not provide a noticeable 
improvement. The schemes that achieve a better compromise are IPC3 
(I1D), IPC4 (I2D), and IPC5 (I1D1), with average reductions of the DEL 
(M) to 85.69, 84.77 and 85.09 %, and average NAT (β) values of 101.71 
%, 101.32 and 100.96 %, respectively. The IPC2 (ID) also stands out, 
since although it presents a worse performance than the previous two in 
terms of DEL (90.30 %), it has a much higher computational facility and 
lower pitch actuator effort with an average NAT (β) of 95.76 %.

4.2.1. Time responses
Fig. 9 shows the time responses of some proposed IPC schemes 

compared to the baseline scheme IPC1, corresponding to simulation case 

2. For ease of interpretation, only three highlighted IPCs are included: 
IPC2 (ID), IPC3 (I1D), and IPC5 (I1D1). In addition, to improve visual
ization, only 300 s of the simulations are presented. Fig. 9 shows spe
cifically the wind speed w, the generated power Pg, the generator 
angular velocity ωg, the OoP moment of blade 1 M1, and the pitch signal 
of actuator 1 β1. There were no significant differences in either the 
generated power or the generator speed. This shows that the improve
ment in the IPC schemes in terms of blade DEL reduction does not in
fluence the CPC loop behavior. The standard deviation (STD) values of 
Pg and ωg are practically identical for all IPCs in each of the cases 
analyzed: 496 kW and 0.25 rpm for case 1, 617 kW and 0.31 rpm for case 
2, and 770 kW and 0.39 rpm for case 3.

In contrast, significant differences were observed in the variables 
associated with the IPC loop. The baseline IPC1 presented the largest 
oscillations in the OoP moments of the blades, while the other IPCs 
managed to considerably mitigate the amplitude of these oscillations. 
Similar responses were obtained in the other simulation cases. Table 6
and Fig. 10 present the results of the internal variables of the IPC in the 
non-rotational reference system corresponding to the simulations 
described previously. Table 6 shows the mean values and standard de
viations of the tilt- and yaw-moments (Mt and My) obtained using the 
MBC transformation for each IPC under the three simulation cases. 
Fig. 10 shows the time response of these variables for simulation case 2, 
specifically the moments Mt and My, the tilt and yaw pitch signals (βt and 
βy), the evolution of the adaptive gains kt and ky of the controllers, and 

Fig. 9. Time responses in the rotating reference frame of wind speed (w), 
generator angular velocity (ωg), generated power (Pg), OoP moment of blade 1 
(M1), and pitch signal of blade 1 (β1).

Table 6 
The mean and STD values of the non-rotating moments Mt and My calculated from the simulation data for each simulation case.

IPC scheme Mt (MNm) STD(Mt) (MNm) My (MNm) STD(My) (MNm)

Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3 Case 1 Case 2 Case 3

1 I1 0.02 0.05 0.06 3.42 4.03 4.46 − 0.02 0.03 0.018 3.42 4.07 4.41
2 ID 0.01 0.00 0.01 2.85 3.29 3.81 0.01 0.02 0.02 2.68 3.22 3.71
3 I1D − 0.00 − 0.00 − 0.00 2.52 2.74 3.19 − 0.00 − 0.00 − 0.00 2.32 2.52 3.02
4 I2D − 0.00 − 0.00 0.00 2.52 2.74 3.19 − 0.01 − 0.00 − 0.00 2.38 2.55 2.93
5 I1D1 − 0.00 0.00 − 0.00 2.53 2.88 3.34 − 0.00 − 0.00 − 0.00 2.32 2.69 3.11
6 I1D2 0.00 − 0.00 − 0.00 2.53 2.81 3.22 0.00 − 0.00 − 0.00 2.35 2.66 3.19
7 I2D1 0.00 0.00 − 0.00 2.51 2.78 3.31 0.00 − 0.00 − 0.00 2.31 2.59 3.06
8 I2D2 − 0.00 0.00 − 0.00 2.62 2.79 3.28 − 0.01 − 0.00 − 0.00 2.42 2.57 3.07

Fig. 10. Time responses of the IPC variables in the non-rotating reference 
frame: tilt moment (Mt), yaw moment (My), tilt pitch signal (βt), yaw pitch 
signal (βy), controller adaptive gains (kt and ky), and adaptive decoupling 
gain (d12).
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the evolution of the absolute value of the decoupling elements according 
to the implemented gain-scheduling strategy.

The analysis of the results in Table 6 shows that the proposed IPCs 
compared to the baseline obtain lower mean values of the Mt and My 
components, except for IPC2 ID, which presents slightly higher mean 
values of My than the baseline in case 3. In addition, all IPCs have lower 
STD values, which translates into lower DEL of the blade OoP moments. 
The mean values of the moments are 2 orders of magnitude smaller than 
the standard deviations. Fig. 10 shows that the proposed IPCs with 
inverted decoupling have a range of smaller oscillations of the Mt and My 
moments and higher pitch activity βt and βy. It should be noted that 
despite this higher activity in the non-rotational frame, this does not 
translate into higher actual pitch activity in the rotational frame, as 
observed from the NAT (β) values in Table 5. The IPC adaptive integral 
gains are in accordance with the calculations performed in the previous 
section. The IPC3 (I1D) shows higher integral gains than the IPC1 
baseline. The IPC5 has even larger integral gains and considerably larger 
decoupling gains.

4.2.2. Frequency responses
Fig. 11 shows a frequency domain comparison of the IPCs selected in 

the previous section; specifically, it shows the Fourier spectrum of the 
out-of-plane bending moment (M1) and pitch signal (β1) of blade 1. IPCs 
3 and 5 achieve a significant reduction of the main peak of the 1P 
component of the M1 moment around the frequency of 0.126 Hz 
compared to the IPC1 baseline. As for the pitch signals, all three IPCs 
show similar peaks related to the 1P component, resulting in similar 
pitch signal effort.

5. Conclusions

The present study demonstrates that individual pitch control 
schemes with static inverted decoupling offer significant improvements 
in the mitigation of blade fatigue loads in large-capacity offshore wind 
turbines. The results highlight the following main findings. 

• Reduction of fatigue loads: all proposed IPC schemes achieved a 
significant reduction in the damage equivalent load (DEL) of the out- 
of-plane blade moments compared to traditional IPC. In general, this 
improvement was achieved with a similar pitch actuator effort.

• Impact of static inverted decoupling: the IPC2 (ID) has shown that 
the simple inclusion of the inverted decoupling obtained from simple 
calculations to a previous decentralized IPC, without the need for 
optimization, already allows a reduction in the average DEL of the 
blade moments and the pitch control effort. It only requires 

readjusting the gains by multiplying them by a factor depending on 
the decoupling elements used. Therefore, this could be a very prac
tical option to improve existing IPCs.

• Simplicity and adaptability: the optimized schemes IPC3 (I1D) and 
IPC5 (I1D1) offered the best compromise between simplicity and 
performance. IPC3 has one less parameter to optimize than IPC5, but 
IPC5 has a greater reduction in blade loads.

• Validation in large-capacity turbines: unlike many previous studies 
that focused on smaller-scale turbines, this work was carried out on a 
15 MW reference turbine, providing crucial validation for the design 
and implementation of advanced control schemes in large-capacity 
turbines.

Future work will explore the extension of these strategies to floating 
turbines, where additional dynamics could benefit from inverted 
decoupling. Another point would be the integration of machine learning 
algorithms to dynamically tune the controller parameters in real time, 
further improving the operational efficiency. Overall, this work con
tributes to the development of advanced control technologies that 
improve the efficiency, durability, and sustainability of offshore wind 
turbines, aligning with global energy transition goals.
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Muñoz-Palomeque, E., Sierra-García, J.E., Santos, M., 2024. Técnicas de control 
inteligente para el seguimiento del punto de máxima potencia en turbinas eólicas. 
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