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Abstract—In the nominal operating region of wind turbines, 

collective pitch control (CPC) regulates power by maintaining 

rated rotor speed, while individual pitch control (IPC) mitigates 

cyclic blade loads caused by wind variations like wind shear or 

turbulence. However, tuning CPC presents a significant trade-

off, as improving power regulation often leads to an increase in 

fatigue blade loads. Additionally, IPC implementation via 

Multi-Blade Coordinate (MBC) transformation suffers from 

coupling between IPC loops, reducing controller effectiveness. 

Prior studies suggest that azimuth offset and static inverted 

decoupling enhance classical IPC implementations by 

mitigating this coupling. However, a comparative performance 

analysis between both implementations remains unexplored. 

This study addresses this analysis through a multi-objective 

optimization approach to tune CPC and IPC strategies for a 15 

MW reference wind turbine. Four configurations (baseline CPC 

with conventional IPC, CPC+IPC, CPC+IPC with azimuth 

offset, and CPC+IPC with static inverted decoupling) are 

optimized. Results show that a well-tuned CPC improves IPC 

effectiveness, while the incorporation of azimuth offset or static 

inverted decoupling in IPC significantly improves both 

objectives, achieving reductions of approximately 19% in 

damage equivalent load on the blades and 60% in the integral 

squared error of power output compared to the baseline CPC 

with conventional IPC, and around 9% and 30% relative to the 

CPC with conventional IPC. 

Keywords— wind turbine control, multi-objective 

optimization, load mitigation, individual pitch control 

I. INTRODUCTION 

Wind energy has become a key renewable source for 
reducing greenhouse gas emissions and supporting the global 
energy transition [1]. However, the increasing size of wind 
turbines introduces significant mechanical loads, impacting 
structural integrity and maintenance costs. These loads grow 
non-linearly with turbine size, requiring advanced controllers 
to mitigate structural stress and extend operational life [2].  

Wind turbines operate in different regions based on wind 
speed [3]. In the nominal region, where wind speed exceeds 
the rated value, power regulation and load mitigation are 
managed through blade pitch control. Two primary strategies 
are employed: collective pitch control (CPC) and individual 
pitch control (IPC) [4]. CPC uniformly adjusts the pitch angle 
of all blades to regulate rotor speed and power output [5]. 

Conversely, IPC adjusts each blade’s pitch individually to 
counteract asymmetric loads caused by wind shear, 
turbulence, and yaw misalignment. By reducing cyclic loads, 
IPC minimizes structural fatigue, improving turbine reliability 
and extending lifespan [6]. Fig. 1 shows the control scheme 
integrating CPC and IPC. Individual pitch signals are 
superimposed onto the collective pitch signal to determine the 
final pitch angle for each blade. Operating in the full-load 
region at rated power, the wind turbine maintains a constant 
generator torque Tg, at its nominal value. 

 

Fig. 1. IPC+CPC control system scheme for the full load region. 

While CPC is primarily designed for power regulation, its 
tuning affects aerodynamic loads on the blades. A poorly 
tuned CPC can induce oscillations, increasing cyclic loads and 
structural fatigue. In turbulent wind conditions, an inadequate 
CPC may fail to respond effectively, leading to higher stress 
on turbine components. IPC, on the other hand, directly 
mitigates asymmetric loads but requires careful tuning to 
avoid interference with CPC. Studies have shown that IPC can 
significantly reduce equivalent damage loads (DEL) without 
affecting energy production [7]. However, its effectiveness 
depends on proper coordination with CPC. Focusing solely on 
IPC for fatigue reduction may decrease energy efficiency, 
while prioritizing CPC for power regulation can increase 
structural loads and accelerate component wear. 

Another challenge in IPC implementation arises from the 
Multi-Blade Coordinate (MBC) transformation, which 
converts blade loads from the rotating frame to a fixed frame, 
representing them as tilt and yaw moments. This 
transformation facilitates IPC design for fatigue load 
mitigation at specific frequencies, such as 1P harmonics. 
However, research indicates that MBC transformation does 
not completely decouple tilt and yaw axes due to blade 
dynamics, actuator phase loss, control system time delays, and 
aerodynamic interactions [8], [9]. This residual coupling 
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introduces cross-effects that reduce the effectiveness of 
conventional single-input single-output (SISO) controllers, 
potentially amplifying undesired loads. 

To address these issues, recent studies have explored 
advanced IPC strategies, such as azimuth offset and static 
inverted decoupling. Azimuth offset minimizes tilt-yaw 
interactions, improving IPC effectiveness [10]. Static inverted 
decoupling, on the other hand, uses a decoupling network to 
reduce inter-axis dependencies, enhancing controller 
independence [11]. Although both techniques have shown 
promise [11], [12], a direct comparison of their performance 
remains unexplored. This study aims to analyze the impact of 
CPC and IPC strategies on energy production and fatigue 
blade loads in large-scale wind turbines. The main 
contributions of this paper are: 

• A proposal of a multi-objective optimization 
framework based on Pareto front analysis with genetic 
algorithm. This framework simultaneously tunes CPC 
and IPC strategies to achieve a balanced trade-off 
between blade fatigue load reduction and power 
regulation in the IEA 15 MW reference wind turbine. 

• A comparative analysis of advanced IPC strategies, 
incorporating azimuth offset and static inverted 
decoupling to mitigate tilt-yaw coupling in the MBC 
transformation. This demonstrates the superior 
effectiveness of these control schemes over 
conventional IPC approaches. 

• Analysis of control parameter interdependencies to 
guide the coordinated design of CPC and IPC. 

This paper is structured as follows: Section 2 provides 
background information on IPC implementation and static 
inverted decoupling. Section 3 details the optimization 
methodology and parameter tuning procedure. Section 4 
presents the comparative analysis of the proposed controllers 
and the baseline configuration. Finally, Section 5 summarizes 
the conclusions and future research directions. 

II. BACKGROUND 

A. Individual Pitch Control 

The most common implementation of IPC involves the use 
of the MBC transformation, which converts the blade load 
measurements from a rotating frame into a fixed (non-
rotating) reference frame. In this fixed frame, the loads are 
typically represented as two components: the tilt moment (Mt) 
and the yaw moment (My). These moments are then used as 
inputs to a feedback control system, which generates pitch 
commands to reduce these loads. The MBC transformation is 
defined as: 

[
𝑀t(𝑡)
𝑀y(𝑡)

] = 𝑻(𝝍) 𝑴(𝑡),                      () 

where T(ψ) is the forward MBC transformation matrix, and 
M(t) is the vector of out-of-plane (OoP) bending moments 
measured at the blade roots. The matrix T(ψ) is given by: 

𝑻(𝝍)  =
2

3
 [

cos(𝜓1) cos (𝜓2) cos(𝜓3) 

sin(𝜓1) sin(𝜓2) sin(𝜓3)
]               () 

where ψi represents the azimuth angle of the i-th blade, and 
the number of blades is three. 

Once the fixed-frame moments are computed, a 
decentralized control system is used to generate the pitch 

commands for the tilt and yaw axes. These commands are then 
transformed back into the rotating frame using the inverse 
MBC transformation, resulting in individual pitch angles for 
each blade. The inverse transformation is given by: 

   [

𝛽𝐼𝑃𝐶1(𝑡)

𝛽𝐼𝑃𝐶2(𝑡)
𝛽𝐼𝑃𝐶3(𝑡)

] = 𝑻−1(𝝍 + 𝜓𝑜) [
𝛽𝑡(𝑡)

𝛽𝑦(𝑡)
],                   () 

where βt(t) and βy(t) are the pitch commands in the fixed 
frame, and ψo is the azimuth offset. This offset is an additional 
tuning parameter that can be introduced to improve the 
decoupling between the tilt and yaw axes [10]. The 
computation of this transformation is achieved through the 
reverse MBC transformation in (4). 

𝑻−𝟏(𝝍 + 𝜓𝑜) = [

cos(𝜓1 + 𝜓𝑜) sin(𝜓1 + 𝜓𝑜)

cos(𝜓2 + 𝜓𝑜) sin(𝜓2 + 𝜓𝑜)

cos (𝜓3 + 𝜓𝑜) sin(𝜓3 + 𝜓𝑜)
]        () 

B. Static inverted decoupling 

Static inverted decoupling is an multivariable control 
technique designed to mitigate interactions between system 
variables, allowing control loops to operate more 
independently [13] (Fig. 2). In conventional decoupling 
methods, control signals are generated through a weighted 
combination of outputs from decentralized controllers. 
However, inverted decoupling proposes an alternative 
structure in which each control signal is derived from the 
output of a primary controller combined with other system 
control signals. This approach aims to maintain apparent 
processes similar to the diagonal ones of the original system, 
using simpler decoupling elements that facilitate practical 
design and implementation [13]. 

 

Fig. 2. Inverted decoupling [13]. 

(
𝑀t(𝑠)
𝑀y(𝑠)

) = 𝑮(𝑠) (
𝛽t(𝑠)
𝛽t(𝑠)

) = (
𝑔11(𝑠) 𝑔12(𝑠)
𝑔21(𝑠) 𝑔22(𝑠)

) (
𝛽t(𝑠)
𝛽y(𝑠)

)       () 

The principle of inverted decoupling is illustrated for a 
2×2 system, where the process model is represented by a 
transfer function matrix G(s) as shown in equation (5). When 
applied to the IPC framework, gij(s) is the transfer function 
between the i-th output and the j-th control signal. In this case, 
the controlled variables are the tilt and yaw moments, and the 
control signals are the tilt and yaw pitch signals [11]. 

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)
 

In a conventional decoupling network, ideal decoupling is 
the equivalent to inverted decoupling. However, this design 
can be challenging to implement in practice due to the 
complexity of the elements in D(s), as shown in (6). Inverted 
decoupling offers an alternative that achieves a diagonal 
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apparent process with simpler elements in (7) [13]. Thus, the 
decoupling matrix becomes that shown in (8).  

   𝑑12(𝑠) =
−𝑔12(𝑠)

𝑔11(𝑠)
 and  𝑑21(𝑠) =

−𝑔21(𝑠)

𝑔22(𝑠)
.                   () 

𝐃(𝑠) =
(

1 𝑑12(𝑠)
𝑑21(𝑠) 1

)

1−𝑑12(𝑠)𝑑21(𝑠)
                                          () 

Static inverted decoupling relies on the steady-state gain 
matrix G(0). This approach is particularly useful in 
applications with slow dynamics, where interactions can be 
mitigated through steady-state adjustments. The static 
decoupling elements are derived directly from G(0) at s=0, 
further simplifying the design and implementation compared 
to dynamic inverted decoupling [13]. These gains ensure that 
the apparent process is diagonal at steady state with g11(0) and 
g22(0), reducing interactions at low frequencies. Dynamic 
decoupling elements may be necessary when process 
interactions are more relevant at medium frequencies. 

 𝑑12(0) = −
𝑔12(0)

𝑔11(0)
     𝑑21(0) = −

𝑔21(0)

𝑔22(0)
                   () 

III. PROPOSED METHODOLOGY 

This study presents a co-simulation framework for a wind 
turbine model, using OpenFAST in MATLAB/Simulink. The 
simulations are based on the IEA 15 MW reference wind 
turbine, configured as an offshore monopile structure, with its 
key design parameters outlined in [14]. For the purposes of 
this work, the turbine is analyzed exclusively within the full-
load region, where high wind speeds induce significant blade 
loading due to amplified bending moments [15].  

To replicate realistic wind conditions, turbulent inflow 
fields were generated using TurbSim. The selected operating 
condition corresponds to a mean wind speed of 22 m/s. The 
wind profiles adhere to the IEC standard [16]. They employ a 
Kaimal turbulence model, characterized by a hub-height 
turbulence intensity of 10% and a vertical wind shear 
described by a power-law exponent of 0.2. The simulations 
were conducted with a sampling frequency of 200 Hz to 
capture the dynamic response of the system accurately. 

A. CPC and IPC schemes 

The CPC efficiently counteracts wind speed variations to 
maintain the rotor speed at its rated value, ensuring the 
generated power remains at its nominal value (Pg,rated). The 
CPC employs a Proportional-Integral (PI) controller with 
proportional gain (kp_cpc) and integral gain (ki_cpc). As 
illustrated in Fig. 3, the IPC scheme incorporates the MBC 
transformation to address the 1P harmonic; then, it uses 
internal control to reduce tilt (Mt) and yaw (My) moments, 
followed by a reverse MBC transformation that optionally 
includes an azimuth offset (ψo). The internal control comprises 
two integral controllers (with gains kI_tilt and kI_yaw), with the 
option to incorporate static inverted decoupling gains (d12 and 
d21) as previously described. Using azimuth offset or static 
inverted decoupling enhances the decoupling of tilt and yaw 
axes. This can potentially achieve greater reductions in 
periodic blade loads than an IPC configuration with neither 
offset (ψo= 0º) nor decoupling (d12=d21=0). 

This study investigates the trade-off between power 
regulation and blade load reduction in CPC while mitigating 
tilt-yaw interactions in IPC. The study proposes four CPC-IPC 
configurations that progressively incorporate advanced 
control techniques. These configurations, based on the 
parameters described above, are: 

 

Fig. 3. 1P IPC scheme with option of static inverted decoupling or 

azimuth offset. 

• ROSCO-IPC (ψo= 0º, d12=d21=0): utilizes a pre-tuned 
gain-scheduled PI-based CPC from the open-source 
ROSCO controller [17], paired with IPC employing 
two identical integral controllers (kI_tilt = kI_yaw) with 
no decoupling. The only optimized parameter is the 
common IPC integral gain ki_IPC= kI_tilt =kI_yaw. It 
serves as a baseline. 

• CPC-IPC (ψo= 0º, d12=d21=0): introduces a custom PI-
based CPC, enabling coordinated tuning of CPC and 
IPC parameters to better balance the conflicting 
objectives. It has three parameters to be optimized: two 
CPC parameters (kp_cpc and ki_cpc)  and the same IPC 
gain (ki_IPC). 

• CPC-IPC-Azi (ψo≠0º, d12=d21=0): extends CPC-IPC 

with an azimuth offset, optimizing four parameters 
(kp_cpc, ki_cpc, ki_IPC, ψo). 

• CPC-IPC-D (ψo=0º , d12≠0, d21≠0): extends the 

CPC-IPC configuration by incorporating static 
inverted decoupling. Following a prior analysis of the 

2×2 process for IPC, and to align the number of 

parameters with the CPC-IPC-Azi scheme, two 
decoupling elements are used that are identical in 
absolute value but opposite in sign (do= d12=-d21). Four 
parameters are optimized (kp_cpc , ki_cpc, ki_IPC, do). 

B. CPC-IPC tuning procedure by optimization 

This section outlines the multi-objective optimization 
(MOO) framework developed to determine the optimal 
parameter settings for the CPC and IPC systems. To address 
the inherent trade-off between blade fatigue reduction and 
power output regulation, this study formulates the CPC-IPC 
tuning as a MOO problem. The optimization targets two key 
objectives encapsulated in the cost function vector J= 
[DEL(M) ISE(Pg)]. The first objective, DEL(M), quantifies 
the damage equivalent load (DEL) associated with the OoP 
moments of the blades, aiming to minimize fatigue. The DEL 
is a widely adopted metric in wind turbine fatigue analysis, 
typically computed offline from simulation time series using 
cycle-counting methods. Real-time analytical DEL 
computation is impractical. This work employs the MLife 
script suite [18] to post-process simulation data from each run, 
extracting the mean DEL across the three blade OoP moments, 
denoted as DEL(M), as the fatigue-related cost function. 

The second objective, ISE(Pg), measures the integral of the 
squared error between the turbine’s rated power, Pg,rated, and 
the actual generated power, Pg, as shown in (10). This metric 
reflects the CPC’s effectiveness in maintaining consistent 
generator speed and power output, serving as the performance 
index for power regulation. 

2026 IEEE 23rd Mediterranean Electrotechnical Conference (MELECON)

Authorized licensed use limited to: TU Delft Library. Downloaded on April 28,2026 at 12:37:33 UTC from IEEE Xplore.  Restrictions apply. 



   ISE(𝑃𝑔) = ∫(𝑃𝑔,𝑟𝑎𝑡𝑒𝑑 − 𝑃𝑔(𝑡))
2

𝑑𝑡                   () 

Four CPC-IPC configurations are optimized and 
compared. The parameter vector ρ = [kp_cpc, ki_cpc, ki_IPC, do, ψo] 
varies depending on the configuration, with specific 
components enabled or disabled based on the control scheme. 
Solving this MOO problem follows the workflow depicted in 
Fig. 4. The approach leverages Pareto fronts to explore trade-
offs and employs decision-making tools to select the most 
suitable solution. Due to the complexity of the objective 
functions in J and the nonlinear dynamics of the wind turbine 
model, analytical solutions are infeasible. Instead, a 
simulation-driven optimization strategy is adopted, to 
evaluate the cost function across numerous co-simulations. 

 

Fig. 4. Flowchart illustrating the multi-objective optimization 

procedure for tuning CPC and IPC parameters.  

The optimization process begins by initializing the 
decision variables in ρ0. An iterative loop then employs a 
MATLAB-based optimizer to conduct simulations, compute 
J, and map the Pareto front. This nonlinear optimization task 
demands significant computational effort. To enhance 
efficiency, the nondominated sorting genetic algorithm-II 
(NSGA-II) is utilized [19]. NSGA-II, an evolutionary 
algorithm tailored for MOO, excels at navigating multi-
objective solution spaces. The resulting Pareto front solutions 
are evaluated using multi-criteria decision-making (MCDM) 
techniques to identify the preferred configuration based on 
specific priorities. Among these, the Technique for Order of 
Preference by Similarity to Ideal Solution (TOPSIS) is 
selected due to its widespread use in energy-related 
optimization studies [20]. TOPSIS ranks solutions by their 
proximity to an ideal point, yielding the final optimal 
parameter set. Search ranges for the parameters are detailed in 
Table I. Population sizes are tailored to each scheme: 1600 
individuals (8×8×5×5) for configurations with four 
parameters, 320 (8×8×5) for those with three, and 100 for 
single-parameter cases. Other genetic algorithm settings 
include a maximum of 60 generations and a Pareto front 
population of 25 individuals. This MOO approach ensures a 
robust and fair comparison of the CPC-IPC schemes. 

IV. RESULTS 

A. Multi-objective optimization results 

This section presents the results of the MOO of the 
proposed CPC-IPC schemes, evaluated through 400-s 
simulations with a turbulent wind profile at a mean speed of 
22 m/s. Fig. 5 displays the Pareto fronts for the four 
configurations illustrating the trade-off between DEL(M) and 
ISE(Pg). Optimal solutions, selected via the TOPSIS method, 
are marked with stars: blue for ROSCO-IPC, red for CPC-
IPC, black for CPC-IPC-Azi, and green for CPC-IPC-D. The 

ROSCO-IPC scheme exhibits an insignificant Pareto front, 
indicating limited trade-off flexibility due to its reliance on a 
single parameter (ki_IPC), with improvements in ISE(Pg) 
minimally affecting DEL(M). Tuning the CPC parameters 
(kp_cpc, ki_cpc) in the CPC-IPC scheme shifts the Pareto front 
leftward, extending it toward lower DEL values. This 
confirms that tuning the CPC enhances load compensation 
without sacrificing the quality of power tracking. This 
improvement is further enhanced in CPC-IPC-Azi and CPC-
IPC-D, where the inclusion of ψo and do allows for displacing 
the fronts further left with DEL(M) minimal. Both 
configurations outperform ROSCO-IPC and CPC-IPC. 

 

Fig. 5. Pareto fronts (ISE(Pg) vs DEL(M)) for the differents CPC+IPC. 

Fig. 6 explores the relationships between control 
parameters and objectives. In CPC-IPC, CPC-IPC-Azi, and 
CPC-IPC-D, more negative kp,cpc values correlate with higher 
DEL(M) but lower ISE(Pg). This indicates that less aggressive 
proportional control reduces loads at the expense of power 
regulation. Conversely, more negative ki_cpc values reduce 
ISE(Pg) but increase DEL(M) highlighting the trade-off 
between power regulation and load reduction. The ki_IPC  
subplot reveals that higher values reduce DEL(M) up to a 
threshold, beyond which ISE(Pg) increases due to IPC-
induced oscillations. Interdependencies show that more 
negative kp,cpc and ki,cpc values are paired, and they support 
higher ki_IPC, while ψo and do expand range of ki_IPC, enhancing 
load reduction. These interdependencies underscore the need 
for coordinated tuning of CPC and IPC. 

TABLE I.  OPTIMAL CPC-IPC PARAMETERS AND OBJECTIVE VALUES 

FOR THE OPTIMIZATION WIND CONDITION 

Controller 
kp,cpc  

(deg/rpm) 

ki,cpc  

(deg·s/rpm) 
ki_IPC 

(rad·kNm-1s-1) 

do  

(-) 
ψo  

(◦) 

Search ranges [-1 to 0] [-0.1 to 0] [0 to 5·10-5] [0-10] [0-90] 

ROSCO-IPC - - 7.37·10-8 - - 

CPC-IPC -0.3556 -0.0029 2.25·10-7 - - 

CPC-IPC-Azi -0.4203 -0.0232 1.77·10-6 - 72.9 

CPC-IPC-D -0.3801 -0.0229 6.33·10-6 3.39 - 

B. Simulation results 

This section evaluates in greater detail the performance of 
the optimized CPC-IPC schemes with the optimal parameters 
in Table I. For this purpose, six 1000-s simulation cases were 
conducted, using different wind profiles with a mean wind 
speed of 22 m/s and identical turbulent properties as those 
employed during the optimization phase. These simulations 
enable a robust assessment of each control scheme’s 
performance under variable yet comparable wind conditions, 
adhering to the IEC standard. 
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Fig. 6. Relationships between control parameters and DEL(M) for the 

different CPC-IPC configurations. 

Fig. 7 shows a bar chart with the values of DEL(M) (in 
MN·m) and ISE(Pg) (in MW²·s) for the proposed CPC-IPC 
schemes across the six simulation cases. Similar DEL(M) and 
ISE(Pg) values were obtained for each controller across the 
different simulations, with minor variations attributable to the 
stochastic nature of the turbulent wind profiles. Notably, the 
ISE(Pg) values obtained during the optimization process 
(conducted over 400 seconds) were lower than those recorded 
in the 1000-s validation simulations. This discrepancy arises 
because ISE(Pg) grows linearly with time if the error 
maintains a constant or statistically similar behavior, as is the 
case with the employed wind profiles. In contrast, DEL(M) 
provides a reliable metric for fatigue damage load in a 
standardized format, regardless of simulation duration. 

Analyzing the results by controller and seed, ROSCO-IPC 
consistently exhibits the highest fatigue loads and power 
fluctuations across all wind profiles, indicating limited 
effectiveness in mitigating structural demands and power 
output regulation. In contrast, the optimized CPC-IPC scheme 
achieves noticeable reductions in both objectives, reflecting 
the benefits of coordinated pitch control tuning. The advanced 
configurations, CPC-IPC-Azi and CPC-IPC-D, demonstrate 
even greater improvements. These schemes consistently 
outperform the baseline and basic CPC-IPC by achieving 
lower fatigue loads and enhanced power regulation, 
highlighting the advantages of minimizing tilt-yaw 
interactions. Both advanced schemes show comparable 
performance.  

Table II presents the average values of DEL(M), ISE(Pg), 
and NAT(β) across the six 1000-s simulations for the 
proposed optimal CPC-IPC schemes. The NAT(β), which 
measures control effort through the normalized actuator travel 
of the pitch actuators, remains stable, ranging from 50% 
(ROSCO-IPC) to 52.1% (CPC- IPC-Azi). This suggests that 
the improvements in load and power performance do not 
significantly increase control effort. The NAT(β) is defined 
as: 

   𝑁𝐴𝑇(𝛽) =
1

3
∑ (

1

𝑇
∫ |

𝛽̇𝑖(𝑡)
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𝑇
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 Table II also highlights the relative performance, 
expressed as percentages relative to baseline ROSCO-IPC, 
underscoring the advantages of the proposed schemes. The 

CPC-IPC achieves a DEL(M) reduction to 91.8% and an 
ISE(Pg) reduction to 57.6%, demonstrating a balance between 
fatigue load reduction and power regulation. The CPC-IPC-
Azi, incorporating an optimal azimuthal offset, reduces 
DEL(M) to 81.5% and ISE(Pg) to 37.6%, highlighting the 
benefit of decoupling the tilt and yaw axes. Similarly, the 
CPC-IPC-D, with static inverse decoupling, achieves 80.9% 
for DEL(M) and 40.4% for ISE(Pg), aligning with the 
performance of CPC-IPC-Azi. Compared to ROSCO-IPC, 
which uses a predefined controller without CPC adjustments, 
the CPC-IPC, CPC-IPC-Azi, and CPC-IPC-D schemes offer 
significant improvements. 

 

Fig. 7. Bar Chart of DEL(M) and ISE(Pg) for Different Seeds 

TABLE II.  AVERAGE PERFORMANCE METRICS FOR OPTIMIZED  
CPC-IPC SCHEMES 

Controller DEL̅̅ ̅̅ ̅̅ (M) (MN·m) 𝐈𝐒𝐄̅̅ ̅̅̅(Pg) (MW2·s) 𝐍𝐀𝐓̅̅ ̅̅ ̅̅ (β) (%) 

ROSCO- IPC 
17.9 

(100%) 

403.7 

(100%) 
50.0 

CPC-IPC 
16.4 

(91.8%) 
232.4 

(57.6%) 
51.9 

CPC-IPC-Azi 
14.6 

(81.5%) 

151.8 

(37.6%) 
52.1 

CPC-IPC-D 
14.5 

(80.9%) 
163.1 

(40.4%) 
52.0 

Fig. 8 presents a example of the time-domain response of 
the different control strategies over an 800–900 second 
interval from one of the six evaluated seeds. This interval 
allows for a qualitative comparison of the power generated 
(Pg), the OoP bending moment for blade 1 (M1), and the pitch 
angle for blade 1 (β1) under turbulent wind conditions with 
speeds varying between 20.7 m/s and 26.7 m/s. CPC-IPC-D 
and CPC-IPC-Azi show the best Pg regulation, with 
amplitudes 37–38.7% lower than ROSCO-IPC, enhancing the 
quality of the generated power. In terms of M1, these 
configurations reduce the amplitude of loads by 36%. The 
larger β1 range in CPC-IPC-D and CPC-IPC-Azi indicates a 
more active control effort, required by these benefits, 
consistent with the NAT(β) increase of 2.1% observed in 
Table II. Conversely, ROSCO-IPC exhibits greater 
oscillations in Pg and M1, reflecting its limited load mitigation 
capability, while CPC-IPC offers an intermediate 
performance with a more stable β1 range but less load 
reduction. 

V. CONCLUSIONS 

This study demonstrates the efficacy of a MOO 
framework for tuning CPC and IPC strategies, achieving an 
effective balance between power regulation and blade load 
mitigation in the IEA 15 MW reference wind turbine. Proper 
coordination between these control systems is critical: a 
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poorly tuned CPC can induce oscillations that compromise 
power stability and regulation, while an overly aggressive IPC 
may reduce energy efficiency. 

 

Fig. 8. Time-domain response of CPC-IPC strategies (800–900 s) 

The results highlight that CPC tuning, beyond its 
conventional role in power regulation, significantly reduces 
structural loads by stabilizing rotor dynamics, thereby 
enhancing IPC effectiveness. Advanced IPC schemes, such as 
those incorporating azimuth offset or static inverted 
decoupling, outperform conventional configurations. They  
reduces the DEL(M) around to 81% and the integral squared 
error of power ISE(Pg) around to 39% relative to the ROSCO-
IPC baseline. Notably, both azimuth offset and static inverted 
decoupling exhibit similar performance, suggesting that they 
are equally effective strategies for improving turbine 
operation. Analysis of the control parameters reveals distinct 
patterns in their impact. A strong negative correlation between 
DEL(M) and ISE(Pg) underscores the inherent trade-off across 
all configurations, which has been successfully managed 
using the TOPSIS method as a MCDM tool. 

The proposed methodology can be extended to other 
operating points with different mean wind speeds or 
turbulence intensities. The different sets of tuning parameters 
can be integrated via a gain-scheduled approach for industrial 
implementation. It can also be applied to fixed-bottom wind 
turbines of different sizes. However, its main disadvantage is 
that it cannot be performed online due to its high 
computational cost to run the optimization. The computational 
time is in the order of tens of hours, which is in line with that 
of other works based on a simulation approach using 
OpenFAST. To further extend the impact of this work, 
extrapolating these strategies to floating wind turbines 
presents a promising opportunity, given the growing interest 
in this technology and the unique dynamic challenges it poses. 
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