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Downstream wind turbines operating behind upstream turbines face significant performance challenges due to
reduced wind speeds and increased turbulence. This leads to decreased wind energy production and higher
dynamic loads on downwind turbines. Consequently, real-time monitoring and control have become crucial for
improving wind farm performance. One promising solution involves optimizing wind farm layouts in real-time,
taking advantage of the added flexibility offered by floating offshore wind turbines (FOWTs). This study explores
a dynamic layout optimization strategy to minimize wake effects in wind farms while meeting power re-
quirements. Three scenarios are considered: power maximization involving two different wind farm configura-
tions and power set-point tracking. The methodology involves a centralized wind farm controller optimizing the
layout, followed by wind turbine controllers to meet the prescribed targets. Each FOWT employs model pre-
dictive control to adjust aerodynamic thrust force. The control strategy integrates a dynamic wind farm model
that considers floating platform motion and wake transport in changing wind conditions. In a case study with a
1x3 wind farm layout of 5 MW FOWTs, the results show a 25% increase in stable energy production compared to
a static layout in 1 h for the first scenario. In the second scenario, desired power production was swiftly and
consistently achieved. The final scenario demonstrates the control strategy’s adaptability to various wind farm

layouts.

1. Introduction

Offshore wind turbine technologies have gained remarkable global
attention because of their ability to tap into rich wind resources, espe-
cially in deep-sea environments (Shah et al., 2021a). In contrast to
conventional fixed-bottom offshore structures, which are typically
confined to shallower waters due to depth limitations, floating offshore
wind turbines (FOWTs) offer the distinct advantage of being deployable
in deeper ocean regions (Shah et al., 2021a; Swart et al., 2009). This
characteristic allows them to harness the potential of more stable and
abundant wind energy sources. However, wind turbines tightly clus-
tered within wind farms experience the wake effect which is charac-
terized by reduced wind speeds and high turbulence levels (Barthelmie
et al., 2009). It was estimated that the wake effects have the potential to
decrease power generation from each single downstream turbine by as
much as 60%, reducing overall wind farm power production by up to
54% (Vermeer et al., 2003; Porté-Agel et al., 2013; Fleming et al., 2014;
Nilsson et al., 2015).
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Several advanced real-time control methods have emerged in the
technical literature, primarily to address the challenge posed by the
wake effects and optimize the overall energy production and structural
integrity of the wind farm. The control techniques can be broadly clas-
sified into two categories: those requiring hardware modifications
(Rodrigues et al., 2015; Xu et al., 2021; Li and Wu, 2016; Jahangiri and
Sun, 2020, 2022) and those that do not (Kheirabadi and Nagamune,
2019, 2020; Gao et al., 2022; Han and Nagamune, 2020; Escobar Aquino
and Nagamune, 2020; Niu et al., 2023). The second control strategy,
which eliminates the need for additional hardware, is cost-effective and
can be easily implemented in existing utility-scale wind farms. This
strategy directly changes the wind turbine parameters, such as the na-
celle yaw angle, generator torque, and collective blade pitch angle.
Among the various wind farm control methods explored in existing
research which do not require additional hardware, two have received
extensive attention: power derating (Steinbuch et al., 1988; Johnson and
Thomas, 2009; Gonzalez et al., 2013; Annoni et al., 2016; Bitar and
Seiler, 2013), often known as axial induction-based control, and
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yaw-based wake redirection (i.e., wake steering) (Fleming et al., 2014;
Wagenaar et al., 2012; Jiménez et al., 2009; Guntur et al., 2012; Bas-
tankhah and Porté-Agel, 2019; Gebraad et al., 2016; Burton et al., 2011;
Lin and Porté-Agel, 2020). The power derating technique reduces the
thrust force of an upstream turbine which creates smaller wake, allow-
ing for improved wind flow conditions and boosting power production
in downstream turbines. On the other hand, the yaw-based wake redi-
rection is a wind farm control strategy that involves adjusting the
orientation or yaw angle of individual wind turbines to redirect the wake
generated by upstream turbines away from downstream turbines,
thereby optimizing their performance by reducing the overlapping areas
between the wakes and downstream rotors. A promising alternative for
enhancing the performance of floating wind farms capitalizes on the
added degrees of freedom offered by the floating platform to dynami-
cally optimize the wind farm layout (Rodrigues et al., 2015; Kheirabadi
and Nagamune, 2019, 2020; Gao et al., 2022; Han and Nagamune, 2020;
Escobar Aquino and Nagamune, 2020; Niu et al., 2023; Han et al., 2017;
Jard and Snaiki, 2023; Fleming et al., 2015). In this approach, a
centralized wind farm controller first identifies the optimal wind farm
layout to meet the power requirement (i.e., maximization or regulation)
and reduce the wake effects (Gao et al., 2022; Han and Nagamune, 2020;
Niu et al., 2023; Boersma et al., 2017). Subsequently, the wind turbine
controllers are tasked to achieve the prescribed targets ensuring stable
power generation and safe operation (Kheirabadi and Nagamune, 2019,
2020; Han and Nagamune, 2020; Escobar Aquino and Nagamune, 2020;
Niu et al., 2023). This can be accomplished through two approaches: one
involves actively generating the thrust force to reposition the turbine
platform based on actuators such as thrusters and winches (Rodrigues
et al., 2015; Xu et al., 2021; Li and Wu, 2016; Sgrensen, 2011), neces-
sitating more energy and additional hardware. Alternatively, the second
approach involves passive adjustments to the aerodynamic thrust force
using existing control inputs, namely the yaw angle, collective blade
pitch angle, and generator torque (Kheirabadi and Nagamune, 2019,
2020; Gao et al., 2022; Han and Nagamune, 2020; Escobar Aquino and
Nagamune, 2020; Niu et al., 2023; Han et al., 2017; Jard and Snaiki,
2023). Compared to other control techniques, the dynamic layout
optimization strategy offers significant advantages since it enables the
FOWTs to mitigate the wake effects and maximize energy production
without the need to reduce the capacities of upstream turbines, as seen
in the axial induction-based control, or employ yaw mechanisms to steer
wakes which can negatively impact power generation and introduce
stability issues. For example, Fleming et al. (2015) indicated that the
wake deflection through the repositioning technique resulted in a 41%
improvement in power generation compared to the yaw and tilt
misalignment techniques which yielded a 4.6% and 7.6% increase,
respectively. Similarly, other studies have reported significant increase
in power generation through layout optimization with improvements of
up to 53.5% compared to a non-optimized 3x6 layout (Kheirabadi and
Nagamune, 2019, 2020).

Despite the recent efforts to enhance the control technique for
repositioning the FOWTs by passively manipulating the aerodynamic
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thrust force (Kheirabadi and Nagamune, 2019, 2020, 2021a; Gao et al.,
2022; Niu et al., 2023), limited attention has been given to the more
practical scenario involving time-varying free stream wind velocities.
This scenario requires sophisticated models capable of swiftly simu-
lating changing wind conditions and customized control techniques to
maintain real-time stability. While various control algorithms, such as
proportional-integral-derivative (Han and Nagamune, 2020), the Hoo
state feedback controller (Escobar Aquino and Nagamune, 2020), and
reinforcement learning (Sierra-Garcia et al., 2022; Zhang et al., 2022; Li
et al.,, 2021a, 2021b), have been applied in wind turbine control,
designing robust controllers that can effectively handle multiple-input
multiple-output systems with numerous constraints and time-varying
environmental disturbances remains a challenging endeavor. In
addressing these control challenges, model predictive control (MPC) is
often favored over alternative control algorithms due to its ability to
optimize control inputs over a future time horizon, taking into account
system dynamics and constraints, thus enabling more precise and
adaptable control in intricate and dynamic processes. Specifically, the
MPC algorithm integrates a simplified model of the system, known as the
prediction model, into its control law. Using a discrete approach, it
calculates the optimal control sequence that minimizes a user-defined
objective function over a set time horizon. At each sampling period,
the first control action from this sequence is applied to the system, and
the prediction model is updated based on the current system states. This
process is then repeated at the next sampling period, ensuring contin-
uous optimization and adaptation to changing conditions. While MPC
has been applied to various wind turbine control problems (Jard and
Snaiki, 2023; Shah et al., 2021b; Raach et al., 2014), none of these
studies have yet explored its application in the context of a more realistic
wind farm scenario featuring time-varying wind conditions.

This study will focus on exploring a dynamic layout optimization
strategy aimed at fulfilling power requirements and mitigating wake
effects. Three scenarios will be considered: two of them prioritizing
power maximization over different wind farm configurations and one
focusing on power set-point tracking. In all scenarios, the objective is to
minimize the overlap of wakes with downstream rotors. In the proposed
methodology, an initial step involves a centralized wind farm controller
identifying the optimal wind farm layout to fulfill power requirements
(whether maximizing or regulating power) while also mitigating wake
effects. This optimization process is accomplished using Matlab/Simu-
link. Subsequently, the wind turbine controllers are charged with the
task of achieving the designated objectives ensuring both stable power
generation and safe operation. Each FOWT is equipped with a model
predictive control (MPC) which manipulates directly the aerodynamic
thrust force using three control inputs, namely the collective blade pitch
angle, the generator torque, and the nacelle yaw angle. The proposed
control strategy incorporates an efficient dynamic wind farm model
(Kheirabadi and Nagamune, 2021b), which includes the simulation of
floating platform motion and wake transport under varying wind con-
ditions and platform movements. In addition, the MPC predictive model
is based on a highly efficient dynamic model (Homer and Nagamune,
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Fig. 1. Block diagram of the FOWFSim-Dyn model.
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Fig. 2. Schematic representation of the semisubmersible NREL 5-MW FOWT.

2018), designed specifically for real-time control applications. A case
study of a wind farm consisting of a 1x3 layout is considered for all
scenarios (i.e., power maximization and regulation) using a 5 MW
offshore semi-submersible baseline wind turbine developed by the Na-
tional Renewable Energy Laboratory (NREL) in the United States. To
evaluate the controller’s performance, it will be compared with a wind
farm that lacks a repositioning mechanism.

2. Model description

In this section, an overview of the dynamic parametric wind farm
model, FOWFSim-Dyn (Kheirabadi and Nagamune, 2021b), is pre-
sented. This model is capable of simulating floating platform motion and
the dynamic propagation of wakes under time-varying wind conditions.
Specifically, the FOWTs are modeled as a system of particles distributed
across a two-dimensional ocean surface. FOWFSim-Dyn comprises two
modules: the wake module and the wind turbine module. The wake
module solves a one-dimensional momentum conservation equation to
simulate the dynamic propagation of wake centerline locations and
average velocities, utilizing a constant temporal wake expansion rate to
approximate momentum recovery. On the other hand, the wind turbine
module simulates the platform dynamics by accounting for aero-
dynamic, hydrodynamic, and mooring line forces, while computing the
power output of the wind farm P,m,(t). The block diagram illustrating
the interaction between the two modules is presented in Fig. 1. As shown
in Fig. 1, the wake module generates the effective wind velocity vector
V;(t) incident on turbine i’s rotor given the states x(t) and inputs u(t) of
all turbines, as well as the free stream wind velocity V(t) and accel-
eration vectors V(t). On the other hand, the wind turbine module
calculates the derivative of the state vector, x(t), using the effective wind
velocity vector V;(t) in conjunction with the turbines’ states x(t) and
inputs u(t).

While the state vector x(t) includes both the position r;(t):=
[x:(t) yi(t)]" and velocity vi(t) := [0xi(t) vyi(t)]" vectors for all
floating wind turbines in the wind farm (i € ¥ = {1,2,...,N} where N
represents the total number of floating wind turbines within the wind
farm), the input vector u(t) consists of the effective control inputs u;(t) =
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Table 1
Main parameters of the semisubmersible NREL 5-MW FOWT.

Parameters Value

Power rating

Rotor diameter, Hub height

Gear ratio, Generator efficiency
Cut-in, rated, cut-out wind speed
Cut-in, rated rotor speed

Water depth, Mooring line length

5 [MW]

126 [m], 90 [m]
97, 94.4 [%)]
3,11.4, 25 [m/s]
6.9, 12.1 [rpm]
200 [m], 835.5 [m]

[ tgi 7i T for all wind turbines with u(t) =
[wr(t) ua(t) un(t)], which are adjusted to meet the control
commands. Here, f; represents the collective blade pitch angle, 7,; de-
notes the generator torque and y; is the nacelle yaw angle of turbine i.

In this study, a 5 MW offshore three-bladed wind turbine equipped
with a semi-submersible platform, has been considered. The selected
platform has been developed by the National Renewable Energy Labo-
ratory (NREL) in the United States and has three cylindrical columns
linked to mooring lines, along with a central fourth column responsible
for supporting the tower. A schematic representation of the wind turbine
is given in Fig. 2, and its main parameters are given in Table 1. Addi-
tional information regarding the wind turbine’s characteristics is
available in references (Jonkman et al., 2009) and (Robertson et al.,
2014).

2.1. Wake module

The wake module, alternatively referred to as the aerodynamic
module, considers both the free stream velocity and the wind farm
layout to simulate the evolution of wakes within the wind farm. This
simulation yields the effective wind velocities incident on the turbines.
Specifically, in a single wake scenario, the wake module’s objective is to
determine three time-dependent variables: the position of the wake
centerline y,,; relative to the X; axis, the average velocity of the wake at
the centerline v,,; and the wake diameter D, ;. These three variables of
interest are illustrated in Fig. 3.

With a fixed global frame of reference (X,y) and a local translating
frame (fi,yi) linked to each wind turbine, the linear momentum deficit
of wake i along X; can be expressed as (Kheirabadi and Nagamune,
2021b):

Li(Xi, t) :pa%D\%v,i(iﬁ £)[Veo () — (Vi(t) + Vi (X, 1)) ] 1
where p, is the air density and V,, := [Us Ve ]" represents the free

stream wind velocity. Setting the time derivative of L;(X;, t) to zero, as no
external forces impact wake i, yields the following momentum conser-
vation equation:

D) | (U 0) ) P ) )
+Dw%2ut) W (Voo () = Vi(t) = vis(Xi, ) 2

The wake centerline location can subsequently be determined by
solving the following equation:

%ftl (Us(t) = 0es(0) 520

= Dw; (&\h t) (3)

Under the assumption of a constant temporal wake diameter
expansion rate denoted by k;, Dy, (X;, t) can be determined by solving the
following equation:

0Dy, (Xi,t)
ot

0Dy, (X, t)

a?i = kr ()]

+ (Uoo(t) - Ux.i(t))

The three characteristics variables describing wake i are then
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Wake deficit
profile

Fig. 3. Schematic representation of the wake zone generated by the turbine i.

calculated by subsequently solving Eqs (2)-(4) using the finite difference
method and a set of initial conditions (Kheirabadi and Nagamune,
2021b). Following the determination of the average wake centerline
velocity, v,,;, from Eq. (2), a Gaussian velocity distribution is adopted to
model the variation in velocity with respect to the radial distance from
the centerline (as illustrated in Fig. 3). This approach offers a more
realistic representation compared to a uniform deficit profile.

To consider the influence of wake interaction in the presence of
multiple wind turbines, the effective kinetic energy deficit approach is
adopted (Katic et al., 1987). As a result, the effective incident wind
velocity vector on the rotor of turbine i can be expressed as:

Vi=3 Vel = [ (IVeoll — Vwgoi 0 0)” 31 (5)

qe %

where 7; ={1,2,3,...,i—1} represents the set of indices of wind tur-
bines located upstream of wind turbine i, ¥, 4_; represents the effective
velocity of wake g at wind turbine i which is determined using the
gaussian assumption for the wake profile (Kheirabadi and Nagamune,
2021b; Bastankhah and Porté-Agel, 2016) and n, is a unit vector
aligned with V. The predictions of FOWFSim-Dyn for steady-state
wake centerlines and normalized velocity profiles were compared with
experimental wind tunnel data. This comparison demonstrated satis-
factory agreement, indicating the model’s suitability for engineering
applications (Kheirabadi and Nagamune, 2021b). While the wake model
derivation incorporates simplifying assumptions that limit its ultimate
fidelity, these simplifications were deemed appropriate for the current
study. The primary objective here is to develop a computationally effi-
cient controller suitable for real-time implementation and risk assess-
ment. Employing high-fidelity models based on advanced techniques
like Large Eddy Simulation (LES) would be computationally expensive
and impractical for real-time applications or risk assessments requiring
numerous simulations. FOWFSim-Dyn’s accuracy can be further
enhanced by incorporating data assimilation techniques in which mea-
surement data are integrated with the model in real-time, potentially
leading to more robust simulation results.

2.2. Wind turbine module

Following the determination of the effective wind speed vector at
each wind turbine rotor, the wind turbine module leverages a two-
dimensional planar model to simulate the platform dynamics. This
model employs a Newtonian approach formulated as follows:

Foi(t) + Fp(t) + Fo(t)
m; + Mg;

(6)

vi(t) =1i(t) =

where m; represents the wind turbine mass, mg; is the hydrodynamic
added mass associated with the ith wind turbine, F,;(t) is the aero-
dynamic thrust force, Fy;(t) is the hydrodynamic force and Fp,;(t) is the
mooring line force. Employing the actuator disk theory, the aero-
dynamic thrust force is directly applied on the turbine’s rotor and is

expressed for turbine i as:

1 2
Fa.;(t) :gct,i”paDiZHVrel.iH n; )
where D; is the rotor diameter, Cy; is the thrust coefficient, n; is a unit
vector normal to the rotor and V,;(t) is the incident wind speed expe-
rienced by turbine i expressed as V,;(t) = Vi(t) — vi(t). The thrust co-
efficient C;; is a function of blade pitch angle ; and the tip-speed ratio 4;,

defined as 1; = \;"}j". In this equation, R; represents the rotor radius, w;; is
the rotor’s rotational speed, and V,; is the relative wind speed
perpendicular to the rotor surface, expressed as V. ; = ||Vyei||cos(r; —
9re1,i), where 6,; is the relative wind angle of V. ; with respect to the
x-axis. Using f; and /4;, the thrust coefficient C;; is determined and
updated in real time based on the NREL 5-MW C,-curve (Gao et al., 2022;
Han and Nagamune, 2020; Jonkman et al., 2009). The hydrodynamic
force is approximated, based on Morison’s equation, by summing the
forces associated with all submerged elements (j € &;) of the floating
wind turbine, and is expressed as follows:

1
Fri(t)= -5 (ch,i-fAd.i.j> Pullvillvi ®

je 7

where p,, is the water density, Cq;; and Aq;; are respectively the drag
coefficient and the submerged area of the j™ component. It should be
noted that the effect of platform acceleration is not explicitly included
here as an inertial force term. Instead, it is implicitly captured within the
overall force model through an added mass. The hydrodynamic added
mass associated with turbine i is expressed as:

Mg :prCa.ijAa,ij )

jeZi

where C,;; and A,;; and represent the inertia constant and the added
mass reference area of the jM submerged component of turbine i,
respectively. The restoring force takes into consideration the total
number (.#;) of mooring line force vectors acting on the wind turbine i
and it is expressed as:

Tr/Aik
Fui(t)=) —Hpjr—— (10)
1( ) ;;l Flk||rF/A=i'k||

where Hg ;i is the magnitude of the horizontal tension component cor-
responding to the k™ mooring line of the i ™ turbine, determined by
solving the static differential equations governing a suspended cable,
which can be either partially resting on or entirely elevated above the
seabed (Kheirabadi and Nagamune, 2021b), and rp/a i is the horizontal
position vector from the anchor to the corresponding fairlead of the k™
mooring line. It should be noted that the FOWFSim-Dyn wind turbine
module employs a two-degree-of-freedom representation for each tur-
bine. This simplification neglects the heave, yaw, pitch, and roll motions
of the floating platform. While this omission limits the model’s ability to
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Fig. 5. Block diagram of the wind turbine controller.

fully capture the complex effects of ocean waves and fluctuating wind
conditions on platform rotation, it remains computationally efficient
and well-suited for wind farm controller design and testing purposes.
Additionally, the platform dynamics module within FOWFSim-Dyn has
been successfully validated against results obtained from FAST
(Kheirabadi and Nagamune, 2021b).

Using the output from both the wake and wind turbine modules, the
total wind farm power can be computed as follows:

Pparm(t) =D Pouri(t)

€7

(1)

where P, ; is the instantaneous power output of turbine i expressed as:

Pout.i(t) = Tg‘iwg,i']g.i (12)

where wy; is the generator speed of turbine i and 7,; is the generator
conversion efficiency of turbine i.

3. Control design
3.1. Control structure

To achieve the targeted power output and mitigate the wake effects,
the proposed controller system consists of two main levels: the wind
farm controller (orange zone in Fig. 4) and the individual wind turbine
controllers (green zone in Fig. 4, illustrated in more detail in Fig. 5). It
should be noted that the subscript “tar” indicates the target power and
position which are communicated from the wind farm controller to the
wind turbine controllers. Further insights into each controller are
elaborated upon in the subsequent sections.

3.2. Wind farm controller

The wind farm controller calculates the optimal setpoints (i.e.,
optimal wind turbine coordinates and individual power target),
considering environmental conditions (such as wind), wind farm layout
and the power demand from the electrical grid (blue zone in Fig. 4).
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Achieving these optimal setpoints requires solving an optimization
problem. For instance, in the context of power maximization, the opti-
mization problem can be formulated as follows:

safety limits
system contraints

wake limitation as)

max (Pfum); subject to

setpoints

To ensure the reliable and safe operation of floating wind turbines
under diverse environmental conditions, several constraints must be
satisfied for each turbine, including the following:

Xmin,i < Xiar,i < Xmax.i
Ymin,i < Yiari < Ymax,i
| (Yi (xtar,ivytarj) - Hrel.i (x[ar.i7ytari> { S (]/ - Hrel)max (14)

Vmin S Vi (xmr,hymr,i)

where  (Xmini, Xmaxi) & (yml-,,,i, ymax‘i) represent the minimum and

maximum permissible displacements of floating platform i in the (X,y)
plan to maintain a safe positioning (e.g., to avoid obstacles or prevent
collision between turbines). Additionally, (y — 0rer)nqe represents the
maximum permissible misalignment between the turbine rotor and the
incident wind, minimizing any extra aerodynamic loads on the blades.
Furthermore, to enhance wind turbine performance and prolong its
operational lifespan, it is crucial to guide the controller to minimize,
whenever feasible, the areas affected by wakes, which are known to be a
source of various fatigue-related issues. This consideration is addressed
in the final constraint, ensuring that the incident wind on each turbine in
the optimal layout remains above a minimum threshold V,,;, (adjusted
based on the free-stream wind speed). In this study, the optimization
problems are resolved using the Simulink Design Optimization toolbox
(The MathWorks and Inc, 2023), employing the pattern search algo-
rithm (Powell et al., 1994). Specifically, this iterative heuristic method
relies on successive simulations (i.e., episodes) to explore the search
space. The objective function is then evaluated at the end of each
episode to obtain the optimal solutions, which will subsequently be
employed as setpoints in the various control scenarios. In this study, the
duration of each of these episodes are fixed at 2000 s to allow for a
complete repositioning. To simplify the optimization process and reduce
computational overhead, a constant axial induction factor (a = 0.3) was
adopted. This substitution is made to avoid dealing with several control
inputs during the acquisition of optimal solutions and, consequently, to
facilitate the resolution of the optimization problems. It’s important to
note that this simplification is only applied during the optimization
calculations performed by the wind farm controller (orange zone in
Fig. 4). Once the optimal positions are determined, they are sent to the
individual wind turbine controllers, which can then use conventional
control inputs to achieve the desired positions.

3.3. Wind turbine controller
The wind turbine controller associated with the i ™ turbine is
designed to reposition the floating platform, aligning it with its desig-

nated coordinates (Xiar,, ym,_,i>, and to maintain the generated power

around the specified target value (Pm,,i), as directed by the wind farm
controller (orange zone in Fig. 4). In this study, the control strategy
requires no external actuators or additional hardware, as it directly
manipulates the aerodynamic thrust force. This feature makes it suitable
for both new and existing offshore wind turbines. Specifically, each wind
turbine i has three control inputs, namely the collective blade pitch
angle f;, the generator torque 7g;, and the nacelle yaw angle y;. The
nacelle yaw angle steers the thrust force direction, as it is assumed to be
perpendicular to the rotor plane. When misaligned with the wind di-
rection, the force decomposes into two components: one along the wind
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and another perpendicular to it, inducing lateral platform motion. Blade
pitch angle adjustments influence the thrust force magnitude since the
thrust coefficient depends on both blade pitch angle and tip-speed ratio
(itself a function of pitch angle). Similarly, the generator torque affects
the thrust magnitude by altering the generator speed, which in turn
influences the tip-speed ratio and subsequently the thrust coefficient.
Moreover, it regulates the generator speed and power extraction. It
should be noted that, at very low wind speeds, this strategy may not be
effective. The approach relies on a balance between the aerodynamic
thrust force and the mooring lines forces. At low wind speeds, the
generated thrust may be insufficient to overcome the forces from the
mooring lines. Furthermore, to generate sufficient thrust force, the
strategy utilizes pitch-to-stall regulation, which can cause the blades to
enter complete aerodynamic stall and potentially shut down the turbine
at low wind speeds. However, while this strategy is limited to wind
speeds above the rated value, this is not a significant concern, as the
wake effect at low wind speeds is typically too weak to justify turbine
repositioning.

The wind turbine controller comprises two primary subsystems: the
power regulator, responsible for maintaining the specified power level
Pyri consistently, and the position controller, which governs the plat-
form’s movement, as depicted in Fig. 5. Further details regarding each
control subsystem will be presented in the following sections.

3.3.1. Power regulator

The control law governing the power regulator is based on the con-
stant power strategy (Jonkman et al., 2009). Specifically, for the wind
turbine i, the regulator provides the torque 7¢; necessary to generate the
desired power level Py, ; as determined by the following equation:

Tgi =k (15)

where wy; is the generator speed and 7,; is the generator’s conversion
efficiency.

3.3.2. Position controller

The goal of the position controller is to relocate the floating platform
of turbine i to the target position (Xar.,Ytar;i ), as provided by the wind
farm controller. To achieve this objective, the controller receives the
current system states, such as position, along with perturbations and
generates appropriate control inputs g; and y; to modify the aerodynamic
thrust force. In this study, a model predictive control (MPC) is employed
to achieve these control objectives. The MPC model relies on a dynamic
representation of the system’s process. This internal representation is
used to aid in predicting the necessary control actions while considering
the system’s constraints.

In this study, an efficient control-oriented dynamic model (Homer
and Nagamune, 2018) suitable for real-time control applications has
been employed as the prediction model for the MPC controller. This
selection was made to minimize the computational costs and facilitate
controller design. The model represents the overall dynamics of the
floating wind turbine while reducing the number of degrees of freedom
(DOFs) to six platform DOFs and two drivetrain DOFs, resulting in a total
of 15 states. The derivation of this model is based on a Newtonian
approach, treating the FOWT as a rigid body subjected to various forces.
The model is expressed in a state-space format as follows:

X=f(X,uv,w) (16)

where u is the control inputs vector, v and w are the vectors referring to
the environmental disturbances, with v corresponding to the wind and w
to the waves. Finally, the vector X refers to the system states, which
include translational coordinates of the floating platform (surge x, sway
y and heave ), rotational coordinates (roll 6y, pitch 6, and yaw 6;,), their
derivatives, rotor rotational speed w;, generator rotational speed w, and
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Fig. 6. Schematic representation of the forces acting on a FOWT.

the shaft deflection angle Ag,. The system dynamics are then captured
by the nonlinear function, f, which relates the system inputs, distur-
bances, and states as expressed by the following equation:

f(X,u,v,w): x7}’,z~,9x,'9y79z,fF,fT,fQ,AHr (17)

— =

where fr, fr and f, are respectively the sum of forces, torques and
shaft torque acting on the system. These terms are expressed by the
following equations:

F e(X, w, v, w) = (ml; + diagma])"" (Fx + Fs + Fc + Fp) )

7 “1p T
f T(X7 uv, W) = (Bmtlg Brot ) (TA + TB + TC + TD) (19)

1 (Pgero ;
. 5 (7 — k(26,) — b,(Aa,)) -
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where F, is the aerodynamic force, Fj is the buoyancy force including
the force of gravity, F¢ is the mooring line force, Fp, is the hydrodynamic
drag/inertia force while T4, Tg, T¢ and Tp are their respective torques
acting on the center of gravity of the structure, J, and J, are the rotor and
generator inertias, respectively, k, and b, are the stiffness and damping
of the drivetrain, Pqr, is the aerodynamic power, Ngr is the gear ratio,
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Table 2
Imposed constraints, saturations, and rate limits on each controller in the control
process.

Control Inputs Saturation Rate Limit

Bi [-30, 0] [deg] [-8, 8] [deg/s]

Tgi [0, 47.402] [kNem] [-15, 15] [kNem/s]
Vi [-60, 60] [deg] [-0.3, 0.3] [deg/s]

platform cylinder. The mooring line force F¢ is determined using a quasi-
static, two-dimensional single-cable model (Jonkman, 2009). The hy-
drodynamic force, Fp, acting on the platform is determined by seg-
menting the platform and applying Morison’s equation to each segment.
The updated system states can be determined through straightforward
integration of X, derived from Eq. 16. The accuracy of the proposed wind
turbine model was verified through comprehensive validation against
the established FAST simulation software (Homer and Nagamune,
2018). This involved comparing the time responses of the nonlinear
model (with all degrees of freedom enabled) to those obtained from
FAST under realistic wind, wave disturbances, and all control inputs.
The results demonstrated very good agreement with minor discrep-
ancies. This successful validation underscores the model’s suitability for
various control applications, as evidenced by its successful imple-
mentation in prior studies (Han and Nagamune, 2020; Escobar Aquino
and Nagamune, 2020; Shah et al., 2021b). Further details regarding the
model and its parameters can be retrieved from (Homer and Nagamune,
2018).

The nonlinear model represented by Eq. (16) is linearized around
carefully chosen equilibrium points, denoted as p,, = [Xo, Uo, Vo, wo)” by
solving the following equation:

f(Xo,uo,vo, W) =0 @1
This results in the subsequent linearized model, represented as:

5X =A8X + Béuypc + Cov (22)

where uypc = [ 7]" represents the MPC control inputs while A, B and
C are the equivalent linearized matrices which are determined based on
the Jacobians of the function f at the equilibrium point p,, as:

_ _ _f
A=ox “ouwel, C

(23)

Deq Peq Peq

Based on the linearized model, the MPC controller employs an iter-
ative approach to determine the optimal control actions. Specifically,
the controller utilizes a discrete-time approach, seeking the optimal
sequence of control inputs over the control horizon N, that minimizes a
cost function J over the prediction horizon N, while accounting for the
system constraints. This process is then repeated at each time step. The
cost function J can be expressed as:

i+Np ) i+Npy—1 ) i+Np—1 )
J= Z lQ[Yk — Y] ||” + Z (IR [uspcx — umpck—]||” + Z (IS [umpcx — unpcrex] | 24
k=ir1 P =t

R, is a rotation matrix and I, is an inertia tensor. A schematic repre-
sentation of the forces acting on a FOWT is depicted in Fig. 6. The
aerodynamic force, Fy4, is estimated using the actuator disk theory and
applied at a single point coinciding with the center of the rotor, aligned
with the shaft’s direction. The force Fg is the sum of the gravitational
force, which acts at the center of gravity of the FOWT platform, and the
resultant force from the application of Archimedes’ principle on each

where Q,R and S are weight matrices which are designed to penalize
excessive outputs errors and regulate the excessive use of the control
inputs (i.e., blade pitch and nacelle yaw), Y is the output vector, rep-
resenting the desired states being controlled (e.g., surge, sway and
generator rotational speed), which is optimized to match the target
vector Yy and uypcrsx are the reference control inputs which are ob-
tained based on the equilibrium point corresponding to the target po-
sition. The cost function is thus designed to correct any deviation
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Fig. 7. Initial floating wind farm configuration for the first and second control scenarios (upper) and schematic representation of the repositioning process (lower).

between the wind turbine’s actual position and its target position, while
simultaneously ensuring safe operation through generator speed regu-
lation (to prevent full stall and turbine shutdown) and controlled man-
agement of inputs. This is achieved by a key feature of the MPC control
scheme, which imposes constraints on the control law at each time step k
to enforce compliance with saturation and rate limits for control inputs
(as shown in Table 2), along with other possible constraints, such as
permissible horizontal displacements, generator rotational speeds, and
platform rotations (Jard and Snaiki, 2023; Jonkman et al., 2009).

4. Case study

The primary objective of this section is to develop a control strategy
for optimizing floating wind turbine performance. However, before
implementing control algorithms, it’s important to perform sensitivity
analyses on both the wake model and the wind turbine model. This
analysis will assess the robustness of these models to variations in key
parameters and environmental conditions. The results of the sensitivity
analysis are summarized in the Appendix. To demonstrate the perfor-
mance of the proposed control strategy for floating wind turbines under
varying wind conditions, three distinct case scenarios will be analyzed
using the dynamic wind farm model (FOWFSim-Dyn) and Matlab/
Simulink. In the first scenario, the focus is on maximizing power pro-
duction, whereas the second scenario involves a specified target power
output. A final scenario was conducted to assess the control strategy’s
adaptability to a randomly initialized layout. The first two scenarios
involve a 1x3 wind farm layout with 5 MW FOWTs, initially aligned in
the wind direction (X) and separated by a distance equivalent to seven
times the diameter of their rotor. Fig. 7 depicts the wind farm configu-
ration and illustrates the repositioning process.

Each FOWT is equipped with an MPC controller, which receives in-
structions from the centralized wind farm controller. To extend the
movable range of the platform, the mooring cables for each floating
platform have been adjusted to a length of 920 [m], compared to the
initial length of 835.5 [m]. This modification is a common practice in
studies involving floating turbine repositioning, as the standard cable
length excessively limits the movable range (Kheirabadi and Nagamune,
2019; Gao et al., 2022; Han et al., 2017). Here, a length of 920 [m] was
selected to achieve a range of motion that meets the requirements of this
study (Kheirabadi and Nagamune, 2019). It should be noted that the
longitudinal platform position (x;) is not actively controlled in this
application due to its minimal variation (Kheirabadi and Nagamune,
2019). Therefore, it does not affect significantly the power production,
unlike the lateral platform position (y;). However, constraints are still
applied to the longitudinal platform position x; to ensure a stable and
safe operation of the system. Furthermore, while the FOWFSim-Dyn

model has the capability to accommodate fluctuating wind conditions
over time, it only considers a calm sea state without waves as the basis of
its operation (Kheirabadi and Nagamune, 2021b), therefore the waves
were not considered in this study. As a result, the linearized model of the
MPC controller was developed solely based on wind speed. Nevertheless,
it’s worth noting that the suggested controller has the capability to
incorporate both wind and wave disturbances with minimal adjustments
to the control parameters. In all scenarios, the wind conditions were
determined for a 1-h duration using the Von Karman turbulence spec-
trum, where the mean incident wind speed at the rotor hub height was
set at V,, = [14,0] [m/s], with a turbulent intensity of 0.036 and an
integral length scale of 170 [m]. It is important to emphasize that when
wind speeds are excessively low, the repositioning mechanism, which
relies on directly manipulating the aerodynamic thrust force, may not be
effective. In fact, during periods of low wind speeds, the thrust force
might be too weak to compensate the effects of other forces, such as
those from the mooring lines. Consequently, specific repositioning tasks
related to power demand may not be achievable. To address these
challenges, potential solutions include increasing the length of the
mooring lines to reduce the magnitude of the restoring force or incor-
porating additional actuators to aid in repositioning the wind turbine
under such conditions (Gao et al., 2022; Escobar Aquino and Nagamune,
2020; Niu et al., 2023; Han et al., 2017).

To maintain the wind turbine within its designated operating range
(Jonkman et al., 2009), a series of constraints must be enforced. This
involves imposing restrictions on the generator’s rotational speed, wg, to
ensure it falls within the range of 669.3 [rpm] to 1173.7 [rpm]. Addi-
tionally, saturation and rate-limits on control inputs, as outlined in
Table (2), are enforced. It’s important to highlight that a maximum
value for the collective blade pitch angle, f;, is set at 0°. This decision is
made to prevent any value above 0°, which could potentially occur at
lower wind speeds. Exceeding this value would trigger a shift in the
control logic from pitch-to-stall regulation to pitch-to-feather regula-
tion. This nonlinear transition can lead to instability in the operation of
the wind turbine and result in inappropriate control responses as the
controller relies on a linear prediction model.

The predictive models associated with the MPC controllers were
linearized at multiple equilibrium points, including both the initial and
target positions. These positions are determined by the centralized wind
farm controller based on the selected scenario. Subsequently, the wind
turbine controller will transition from one equilibrium point to another
in accordance with the designated target position. The MPC parameters,
such as prediction and control horizons as well as weight matrices, were
determined through a trial-and-error process. Initially, the FOWTs are
oriented along the X-axis with starting positions of (xi,X2,X3)=
(84,966,1848) [m] and (y1,y2,¥s) = (0,0, 0) [m]. The mean power
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Fig. 8. Crosswind platform displacements under the 1st control scenario.
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Fig. 9. Time series of the effective wind speeds experienced by each FOWT for the 1st control scenario under two conditions: (a) with repositioning and (b) without

repositioning.

output is (Pout.1, Pout.2, Poutv;;) = (5, 3, 3)[MW], clearly indicating the
substantial impact of wake effects, particularly on the downstream wind
turbines.

4.1. First scenario

In this scenario, the primary objective is to maximize the total power
output from the wind farm, denoted as Py, (Eq. (11)). This goal must be
achieved while adhering to system constraints and mitigating the impact
of wake effects. Consequently, the centralized wind farm controller’s
task is to determine the optimal positions for each wind turbine, spe-
cifically their lateral positions defined by their respective yaw angles.
Subsequently, the wind turbine controllers are tasked to achieve the
prescribed targets. An alternative approach to formulating the optimi-
zation problem is to instruct the centralized controller to determine
optimal turbine locations by maximizing the sum of the effective wind
velocity projected onto the rotor-swept area V,; of each turbine i.

Details of the solution to this optimization problem and the performance
of the wind turbine control system are provided in Sect. 4.1.1, 4.1.2 and
4.1.3.

4.1.1. Position control results

The resulting target lateral positions for the 1st, 2nd and 3rd wind
turbines were 72, -89, and 70 [m], respectively. The time series of the
lateral positions (i.e., sways), using the individual MPC controllers, are
illustrated in Fig. 8. It can be concluded that the MPC controllers have
effectively and promptly adjusted the lateral positions of the wind tur-
bines to align with their designated target values. Specifically, the target
positions were attained within 580 [s] for the 1st, 830 [s] for the 2nd,
and 835 [s] for the 3rd wind turbine. These positions were then
consistently maintained until the end of the scenario. The obtained root
mean square error (RMSE) with respect to the target positions for the
lateral displacement were 1.82 [m], 1.97 [m], and 0.85 [m], for the 1st,
2nd and 3rd wind turbines respectively. These results underline the
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Fig. 10. Velocity contour plots at time step t = 3500 [s] for the 1st control scenario under two conditions: (a) with repositioning and (b) without repositioning.
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Fig. 11. Time series of the wind farm total power output for the 1st control scenario under two conditions: with repositioning (red) and without repositioning (blue).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

controllers’ remarkable accuracy in achieving the desired positions. It’s
worth noting that a deliberate delay of 500 [s] (determined through trial
and error) was introduced for the 3rd turbine to ensure smooth reposi-
tioning and avoid potential issues, such as complete aerodynamic stall or
turbine shutdown, during periods of low wind speeds.

4.1.2. Power control results

To evaluate the performance of the wind farm controller, it will be
compared to a wind farm without a repositioning mechanism, where the
turbines are kept at their initial starting positions. The time series of the
effective wind speeds experienced by each turbine (i.e., V,) are plotted
in Fig. 9 for both scenarios.

It can be concluded that the wind turbine repositioning mechanism
plays a substantial role in mitigating wake effects, as the effective wind
speeds perceived by downstream turbines are significantly higher
compared to a scenario without repositioning. Specifically, after the
repositioning of each wind turbine (starting from 1335 [s]), the average
effective wind speeds perceived by the 2nd and 3rd downstream tur-
bines have increased by 17.88% and 34.16%, respectively. Furthermore,
there is a slight reduction in the effective wind speed perceived by the
upstream turbine, which can be attributed to the nacelle misalignment,

necessary for platform repositioning. While this misalignment does
marginally decrease the perceived wind speed, the impact on power
production remains negligible.

To highlight the significant impact of the wake effects, the velocity
contour plots at the end of the platform repositioning (i.e., at time t =
3500 [s]) are plotted in Fig. 10. It can be concluded that, unlike the
scenario without repositioning, the proposed control strategy has suc-
cessfully relocated the platforms to avoid the wake regions and hence
increase the perceived wind speeds which will ultimately maximize the
power generation. By avoiding the wake regions, which are character-
ized by reduced wind speeds and significant fatigue loads, both the
power production and service life can be increased.

Similar to the perceived FOWT wind speeds, the total power output
of the wind farm has also reached its peak value (~ 15 [MW]) as depicted
in Fig. 11. Specifically, the repositioning of the platforms has led to a
remarkable 25.05% increase in energy production over the course of 1 h
compared to a scenario where repositioning was not employed. This
substantial gain outperforms many existing control-based strategies
aimed at mitigating wake effects (Steinbuch et al., 1988; Fleming et al.,
2015).



T. Jard and R. Snaiki

Ocean Engineering 316 (2025) 119971

o0
i 0 I|| T T T T T T
2 -1 i o
téo oy | Il _
«
£ =3 .
£ 1
a -4 4
% =
s 7 } I -
Q

-6 4
o
= l Bl ool L_ Y
ag =7 .M Wk ‘V« R m.“ ’M"“ ‘W" «lvy u:l‘ ‘o e, ,,,/ W,\nu:.::; :'f 4 J 'Er"‘v" W7y "‘\ .Y ":“.,»‘\l'{""‘:\’;;;“‘;";l:"; v/
2 | 1 | 1
3 0 500 1000 1500 2000 2500 3000 3500

Time [s]

Generator torques [KN'm|

1 1 1

2000 2500 3000 3500
Time [s]

0 500 1000 1500
T T T

q°,° 10

=,

»

2

20

@

2

5,

o =10

©

o

z

=20 ] 1 1
0 500 1000 1500
Turbine 1

2000 2500 3000

Time [s]

Turbine 2 Turbine 3

Fig. 12. Time series of the control inputs for the 1st control scenario.

4.1.3. Control inputs results

The time series representations of the control inputs for the three
MPC controllers are presented in Fig. 12. It can be concluded that all
control inputs have remained within the prescribed safety limits while
adhering to the constraints detailed in Table 2. In addition, the nacelle
yaw angles exhibit a comparable trend to that of the crosswind platform
displacements. The MPC controllers have swiftly adapted all control
inputs to effectively address the control scenario. Clearly, the 3rd wind

turbine required additional time to adapt its control inputs due to the
imposed delay (i.e., 500 [s]). Moreover, owing to the initially low wind
speeds experienced by the downstream turbines during the early stages
of the simulation, the collective blade pitch angles approached values
close to zero degrees. This adjustment was made to prevent stall and
optimize wind energy extraction under these specific conditions. As
previously mentioned, a strict upper limit of 0° has been imposed on the
collective blade pitch angle. Exceeding this threshold triggers a
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Fig. 13. Crosswind platform displacements under the 2nd control scenario.
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Fig. 14. Velocity contour plots at time step t = 3500 [s] for the 2nd control scenario under two conditions: (a) with repositioning and (b) without repositioning.

transition in the control logic from pitch-to-stall regulation to pitch-to-
feather regulation that cannot be properly managed by the controller.
As the perceived wind speeds for the downstream turbines increase, the
collective blade pitch angles stabilize at values below zero degrees. This
adjustment is made to prevent excessive kinetic energy extraction from
the wind through aerodynamic stall. It also facilitates the platform
repositioning process while aligning with the power production target.

4.2. Second scenario

In this particular scenario, the wind farm is required to achieve a
target total power output of Pfgm - = 13 [MW], representing a realistic
power demand from the electrical grid. Additionally, the control strat-
egy must operate within the system constraints while addressing wake
effects mitigation. Furthermore, the optimization problem will prioritize
minimizing yaw angles to discourage substantial displacements while
evading wake regions. All other constraints and system parameters
remain consistent with the previous scenario. It’s worth noting that,
unlike the first scenario, the imposed delay for the 3rd wind turbine has
been eliminated. In the subsequent sections, only the results related to
position, velocity contours, and power will be presented, as the overall
system behavior remains largely consistent with the previous case.

4.2.1. Position control results

The target lateral positions achieved were 45, -82, and 45 [m] for the
1st, 2nd and 3rd wind turbines, respectively. Fig. 13 illustrates the time
series of these lateral positions. In this scenario as well, each wind tur-
bine platform successfully reached and maintained its designated posi-
tion target as instructed by the centralized wind farm controller. These
position targets were attained after 630 [s], 840 [s], and 820 [s],
respectively, and remained stable until the end of the simulation. The
RMSE values for the 1st, 2nd and 3rd wind turbine platforms were 0.85
[m], 0.37 [m], and 0.64 [m], respectively. It’s worth mentioning that
the relatively observed lower errors can be attributed to the controllers
finding it comparatively easier to reach and maintain these positions.
This ease is primarily because these positions are in close proximity to
the wind turbines’ initial locations, requiring minimal rotor misalign-
ment. In addition, no delay was required for this scenario, as the 3rd
wind turbine was able to achieve and maintain its final position without
any observed operational instability.

4.2.2. Power control results

Just as in the 1st scenario, velocity contour plots are provided in
Fig. 14 at the end of the platform repositioning (i.e., at time t = 3500 [s])
for both the repositioning and non-repositioning cases. It can be
concluded that the control strategy has successfully relocated the
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Fig. 15. Time series of the wind farm total power output for the 2nd control scenario under two conditions: with repositioning (red) and without repositioning
(blue). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 17. Velocity contour plots at time step t = 3500 [s] for the 3rd control scenario under two conditions: (a) with repositioning and (b) without repositioning.

platforms, avoiding wake-prone regions to alleviate fatigue loads while stability, enhancing its suitability and reliability for meeting the
satisfying the control objectives and constraints. requested power demand from the electrical grid.
The wind farm’s total power production has successfully achieved its
specified target of ~ 13 [MW], as shown by the power generation time 4.3. Third scenario
series depicted in Fig. 15. In contrast, the scenario without repositioning

failed to reach the 13 [MW] target at any point. Furthermore, the power To assess the control process’s adaptability, the initial 1x3 wind farm
generation in the repositioning scenario demonstrated increased layout was modified. The turbines’ neutral positions and anchor points
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Fig. 18. Time series of the wind farm total power output for the 3rd control scenario under two conditions: with repositioning (red) and without repositioning (blue).
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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were randomly shifted to represent a new configuration. The FOWTs are
now located at (xy, xz,X3) = (195,920,1600) [m] and (y1.y2,y3) = (37,
10,93) [m]. For this scenario, the wind farm controller’s objective is to
maximize the total power output of the wind farm Py, (Eq. (11)), while
maintaining the same constraints and other system parameters as in the
first scenario.

4.3.1. Position control results

The optimal lateral target positions determined by the wind farm
controller are 53, -37, and 119 [m] for the 1st, 2nd, and 3rd turbines,
respectively. Fig. 16 illustrates the time series of these lateral positions.
Each floating platform was able to reach its final position and maintain
stability until the end of the simulation, despite the new wind farm
layout. The target positions were reached after 660, 700, and 790 [s],
with RMSE errors of 0.56, 0.60, and 0.73 [m], respectively. It’s impor-
tant to note that no delay in applying the target positions was necessary
for the 3rd turbine due to the minimal displacement required. Addi-
tionally, no instability was observed during the operation.

4.3.2. Power control results

The velocity contours are plotted in Fig. 17 at time t = 3500 [s]. As
illustrated, without repositioning, the velocity deficit behind the second
turbine is significantly greater than in the first scenario. This is attrib-
uted to the shorter longitudinal distance between the turbines compared
to the first scenario (less than 7 diameters, which is typically the rec-
ommended distance by wind farm designers), resulting in a less dissi-
pated wake downstream. Importantly, the proposed control framework
effectively mitigates these wake effects by repositioning the platforms,
leading to a positive impact on power production.

The corresponding power output is shown in Fig. 18. The reposi-
tioning strategy has resulted in a 5% increase in the wind farm’s power
production over 1 h, while also significantly reducing the presence of
turbines within the wake of others. Although the power gain is smaller
compared to previous scenarios, this can be attributed to the initial
layout, which was already relatively favorable as the turbines were not
directly aligned with the wind direction. In this specific case, while the
second turbine’s output is lower due to the reduced longitudinal
spacing, the third turbine’s output is significantly higher due to its ad-
vantageous initial position, leading to smaller overall power losses.
Despite the smaller power gain, the repositioning strategy remains
valuable due to its drastic reduction in wake-related interactions and its
demonstrated flexibility across different wind farm layouts.

5. Conclusion

In this study, the dynamic layout optimization approach for offshore
floating wind farms was investigated to meet power requirements and
alleviate wake effects. Three scenarios were considered: two of them
prioritized power maximization over different layouts configurations,
while the other focused on power set-point tracking. The initial step of
the proposed control methodology involved a centralized wind farm
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controller tasked with identifying the optimal wind farm layout to fulfill
power requirements while effectively mitigating wake effects. This
optimization process was executed using Matlab/Simulink. Subse-
quently, wind turbine controllers were asked to achieve the specified
objectives. Each Floating Offshore Wind Turbine (FOWT) was equipped
with a Model Predictive Control (MPC) system, which directly manip-
ulated the aerodynamic thrust force through three control inputs: col-
lective blade pitch angle, generator torque, and nacelle yaw angle. The
proposed control strategy integrated an efficient dynamic wind farm
model, which simulates the floating platform motion and wake transport
under varying wind conditions. Furthermore, the MPC predictive model
was based on a highly efficient dynamic model specifically designed for
real-time control applications. To highlight the effectiveness of the
proposed approach, a case study was conducted using a 1x3 layout wind
farm configuration. Both power maximization and regulation scenarios
were evaluated using 5 MW offshore semi-submersible baseline wind
turbines. The obtained results demonstrate the successful repositioning
of wind turbines in both scenarios with low root mean square errors,
effectively avoiding wake regions. This achievement resulted in a
remarkable 25% enhancement in stable energy production when
compared to a static layout configuration within a 1-h timeframe for the
first control scenario. Moreover, in the second scenario, the intended
power production was promptly achieved and consistently sustained
throughout the control scenario. In the final scenario, the control
strategy’s adaptability to various wind farm layouts was demonstrated.
Due to its reliable control performance and rapid response time, the
proposed control approach can be conveniently integrated into both
new and existing floating wind farms without requiring any extra
hardware.
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To assess the robustness of the wake model (FOWFSim-Dyn) and wind turbine model to varying conditions, a sensitivity analysis is conducted. A
baseline scenario is established for the first sensitivity analysis with y (yaw angle) set to 0 [deg], U, (freestream wind speed) at 14 [m/s], and V,
(perpendicular wind component) at 0 [m/s]. Table 3 details the results of the sensitivity analysis for the FOWFSim-Dyn model.
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Table 3
Sensitivity analysis of the wake model

Input parameter Value Yw(m] Vyx[m /5] Viy[m /s] D,,[m]
4Drotor SDrotor 4Drotor SDrotor 4Drotor SDrotor 4Drotor SDrotor
7 [deg] -10 7.38 8.82 12.49 12.66 0.19 0.17 166.3 176.4
-5 3.81 4.55 12.49 12.65 0.10 0.08 166.3 176.4
0 0 0 12.48 12.65 0 0 166.3 176.4
5 -3.81 —4.55 12.49 12.65 —-0.10 —0.08 166.3 176.4
10 —7.38 —8.82 12.49 12.66 -0.19 —-0.17 166.3 176.4
Us [m /s 14 0 0 12.48 12.65 0 0 166.3 176.4
16 0 0 14.15 14.33 0 0 161.3 170.1
18 0 0 15.89 16.09 0 0 157.4 165.2
20 0 0 17.72 17.91 0 0 157.3 161.3
22 0 0 19.69 19.87 0 0 151.7 158.2
Voo [m /5] —4 -137.9 -171.9 12.4 12.57 —-3.85 —3.86 166.3 176.4
-2 —69.59 —86.7 12.46 12.63 -1.94 -1.94 166.3 176.4
0 0 0 12.48 12.65 0 0 166.3 176.4
2 69.59 86.7 12.46 12.63 1.94 1.94 166.3 176.4
4 137.9 171.9 12.4 12.57 3.85 3.86 166.3 176.4

The simulations show that yaw angle (y) strongly influences wake deflection (y,,), with higher yaw angles leading to greater deflection at different
downstream locations (e.g., 8.82 [m] for y = —10 [deg] compared to 4.55 [m] for y = —5 [deg] at 5Dy, downstream distance). Interestingly, yaw
angle seems to have minimal impact on wake diameter (D,,) or centerline wake velocity in the streamwise direction (v, x). Freestream wind speed (U,)
primarily affects v, (increasing from 12.65 [m/s] to 19.87 [m/s] with U, going from 14 [m/s] to 22 [m/s] at 5Dy, downstream distance), while
also causing a decrease in wake diameter (D,,) with a nearly 10% reduction from 176.4 [m] to 158.2 [m] as U,, increases from 14 [m/s] to 22 [m/s].
Finally, the perpendicular wind component (V) significantly impacts wake deflection and vertical wake velocity (v,,) with minimal influence on
other variables.

To assess the internal wind turbine model within the MPC controller, a separate sensitivity analysis was conducted (detailed in Table 4). This
analysis examines the model’s response to variations in key parameters from a baseline scenario of: # = 8 [deg], 7; = 25000 [Nm], y = 0 [deg], cable
length = 835.5 [m], U, = 14 [m/s], and wave height = 0 [m]. Notably, Table 4 only reports the final values obtained after a 1000-s simulation
without any control intervention.

Table 4
Sensitivity analysis of the wake model

Input parameter Values Surge x [m] Sway y [m] Roll 6, [deg] Pitch 6, [deg] Yaw 6, [deg]
S [deg] 6 7.5 0 0.49 3.09 —0.18
7 7 0 0.48 2.8 -0.19
8 6.2 0 0.48 2.5 —0.21
9 5.5 0 0.47 2.19 —0.22
10 4.8 0 0.46 1.87 —0.22
7q [Nm] 20000 6.2 0 0.40 2.5 -0.17
22500 6.2 0 0.44 2.5 -0.19
25000 6.2 0 0.48 2.5 —-0.21
27500 6.2 0 0.51 2.5 -0.22
30000 6.2 0 0.55 2.5 —0.24
v [deg] -10 6 -1.35 0.90 2.29 -0.24
-5 6.1 -0.6 0.70 2.43 -0.22
0 6.2 0 0.48 2.5 —0.21
5 6.1 0.6 0.26 2.52 -0.19
10 6 1.35 0.05 2.48 -0.17
Cable length [m] 825 3 0 0.38 2.44 -0.16
830 4.5 0 0.32 2.49 —0.16
835.5 6.2 0 0.48 2.5 —0.21
840 8 0 0.22 2.51 -0.29
845 11 0 0.19 2.52 —-0.43
U, [m/s] 14 6.2 0 0.48 2.5 ~0.21
16 8 0 0.49 3.25 —0.18
18 9.5 0 0.49 3.98 -0.19
20 10.5 0 0.49 4.62 —0.22
22 11 0 0.47 4.99 —0.21
Wave height [m]| 0 6.2 0 0.48 2.5 -0.21
1 6.2 0 0.35 2.63 —0.24
2 6 0 0.35 2.74 —0.25
3 6 0 0.34 2.84 —-0.25
4 6 0 0.34 2.92 -0.25

The simulations reveal that pitch angle (f) primarily controls surge displacement (increasing values lead to greater surge, e.g., 7.5 [m] for f = 6
[deg] compared to 4.8 [m] for # = 10 [deg]), while also significantly reducing pitch angle (6)) as $ increases (e.g., 6, decreases from 3.09 [deg] to
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1.87 [deg] for = 6 [deg] to 10 [deg]). While yaw angle (y) mainly influences sway displacement (y), with larger yaw angles causing greater sway (e.
g., 1.35 [m] for y = 10 [deg] compared to 0.6 [m] for y = 5 [deg]), it has minimal impact on surge. Table 4 suggests yaw angle also affects other
rotational motions like roll. In addition, it can be concluded that the cable length has significant influence on the platform displacement. Longer cables
lead to increased surge displacement (e.g., surge rose from 3 [m] to 11 [m] when cable length went from 825 [m] to 845 [m]) and larger pitch and yaw
rotations. The analysis also revealed that generator torque (zg) primarily influences roll (6,) and yaw (6,). For example, a roll angle of 0.4 [deg] was
observed with a generator torque of 20000 [Nm], compared to 0.55 [deg] at 30000 Nm. Among the environmental factors, freestream wind speed
(Us) mainly affects surge and pitch, while wave height has the strongest impact on the rotational degrees of freedom. The sensitivity analysis re-
inforces the importance of the proposed control inputs (yaw angle, collective blade pitch angle, and generator torque) for optimizing wind turbine
performance. By strategically adjusting these inputs, the thrust force can be manipulated without introducing additional complex machinery (ac-
tuators) to the system. This simplifies the design and potentially reduces maintenance costs while achieving the desired control of the turbine and wind

farm.
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