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Introduction 

1- Overview 
Recently, wind energy costs have decreased significantly due to larger rotor sizes, especially for 

floating offshore wind turbines (FOWTs). FOWTs are installed in broad ocean regions, where 

floating platforms moor them to the seabed, enabling them to function at more robust and steady 

wind speeds with larger blades. These WTs minimize visual impact, reduce carbon emissions, and 

fight climate change while powering coastal towns. However, these giant turbines introduce 

challenges, particularly regarding platform stability and power quality. Increased blade length 

leads to an increase in their deflections and significant deviations in the swept area from the rotor 

plane. Additionally, flexible blades may increase aerodynamic unsteadiness and complexity, 

necessitating advanced dynamic models to accommodate these problems. Moreover, the tower's 

flexibility and floating platform motions can induce extra motions that can affect the performance. 

Therefore, establishing a suitable model to reproduce the FOWT behavior and to design robust 

controllers is mandatory. As illustrated in Figure 1, the FOWT model includes complex and highly 

nonlinear sub-models, including: 

Wind

Wave

Currents

Mooring lines forces 

Floating platform

Blades

Nacelle

Tower

 
Figure 1 – FOWT representation 
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 Aerodynamic effects: Designing and analyzing the air flows around the blades and their shapes 

is crucial to maximizing energy capture while minimizing drag and turbulence. These models 

help predict performance under varying wind conditions. 

 Hydrodynamic effects: Precise simulation of the interaction between the floating platform and 

the hydrodynamics (waves and currents) is essential since the floating platform must adapt to 

diverse sea environments. 

 Structural Dynamics: The turbine and platform must be developed to resist various 

environmental loads and to guarantee durability and stability. 

 Mooring systems: This model is required to understand how the seabed interacts with the 

floating structure and how this affects stability and performance. 

 Control Systems: Developing effective control strategies to maintain stability and optimize 

turbine performance and lifespan in the face of changing environmental conditions is 

challenging. This encompasses coordinating the turbine and platform blade orientation. 

The National Renewable Energy Laboratory (NREL) has developed the OpenFAST software to 

simulate the dynamic behavior of FOWT models accurately while considering the above-

mentioned parts. OpenFAST is a multi-physics tool that simulates wind turbines' dynamic 

response. It combines computer modules for structural dynamics, control and electrical system 

dynamics, and hydrodynamics. This lets you run coupled nonlinear aero-hydro-servo-elastic 

simulations in the time domain. It can analyze wind turbine configurations, including two—or 

three-blade horizontal-axis rotors, pitch regulation, hubs, and towers. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

3 

 

2- OpenFAST 
OpenFAST is an open-source wind turbine simulation tool established to reproduce wind turbines 

based on aero-hydro-servo-elastic engineering models. OpenFAST can provide a solid, high-

fidelity software engineering platform [1]. This tool was created based on the FAST (fatigue, 

aerodynamic, structure, and turbulence) simulation tool published by the NREL.  

2-1- Structuring multi-physical models of floating wind turbines under the 

Open-Fast software interface 
The FOWT model OpenFAST provides can be divided into three levels: external conditions, 

applied loads, and structural dynamics, as illustrated in Figure 2. The main files of the OpenFAST 

are:  

 OpenFAST main file (.fst): this file loads the simulation parameters and the required sub-

codes. It includes:   

o Simulation control: provide the simulation parameters, such as the sampling time (DT) 

and the simulation time (TMax). 

o Feature switches and flags: select the source code for each part.  

o Environmental conditions: initialize the environmental conditions. 

o Input files: this part loads the sub-code for each part.  

o Output: enable or disable the creation of the simulation results (.sum, .out, and .outb). 

o Linearization: enable or disable the linearization function (only with constant wind 

speed without waves). 

o Visualization: enable or disable the creation of VTK data that is used to make an 

animation of the FOWT (external software is required, 'Paraview'). 

External 

conditions

InflowWind

Wave & current

Applied loads

Aero dynamics

Hydro 

dynamics

Structural dynamics

Control system

Rotor dynamics

Drivetrain 

dynamics

Blades pitch 

angle

Torque

YawCables

Nacelle 

dynamics

Tower dynamics

Platform dynamics

Mooring dynamics

To the electrical 

generator 

(Simulink)

 
Figure 2 – Schematic of the main parts of OpenFAST 
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 Structural parameters file (xx_ElastoDyn.dat): the main parameters of the WT are included 

in this file, such as:  

o Degrees of freedom (DOF): enable or disable any DOF.  

o Initial conditions: speed, positions, deflections …. 

o Turbine configuration: blades, tower, drivetrain, and mass and inertia of the different 

parts of the structure.…  

o Mass and inertia: shafts, platform, nacelle masses, and inertia, blades' masses.  

o Blade: blades geometry files (to be loaded from external files).  

o Rotor-teeter: for 2-blades WTs.  

o Drivetrain: gearbox parameters.  

o Furling: if there are additional properties for the furling turbine. 

o Tower: tower geometry files (to be loaded from external files).  

o Outputs: the generated outputs by this file are mentioned in this section.  

 External wind profile file (xx_InflowWind.dat): this file includes a switching flag for the 

wind type 'WindType', such as: 

o Steady (1): the wind speed is constant (= HWindSpeed). 

o Uniform (2): the wind speed is variable based on the designed profile loaded from an 

external file (.wnd or .hh). These files can be modified by the used using the notebook 

application. 

o Binary TurbSim (3): the wind speed is variable based on the profile loaded from 

another file (.bts). These files are generated using TurbSim software based on serval 

meteorological parameters.  

 Aerodynamics file (xx_AeroDyn15.dat): this file includes the aerodynamic power 

calculation models that include the Blade-Element/Momentum theory (BEM), Dynamic 

Blade-Element/Momentum theory (DBEM), and a Free Vortex Wake 'FVW' called 

cOnvecting LAgrangian Filaments theory (OLAF). This also requires the airfoil information 

for each blade. The blades' geometry (distributed blade properties) are provided in 

xx_Blade.dat, while the airfoil information (angle of attack, pitching-moment coefficient, lift, 

and drag coefficients) are provided in xx_CylinderX.dat and xx_DUXX_A17dat files.  

 Waves profile and hydrodynamics file (xx_HydroDyn.dat): this file includes a switching 

flag for defining the kinematic model of the incident wave and current modes as well as 

parameters of the applied loads on the floating platform. For FOWTs, the effect of the currents 

is minor, so the main significant parameter in this file is the wave mode 'WaveMod'; the main 

modes are: 

o None (0): non-waves, still water. 

o Regular (1): periodic waves. 

o JONSWAP/Pierson-Moskowitz spectrum (2): irregular profile based on JONSWAP 

equation. 

 Control file (xx_ServoDyn.dat): This module enables the control of various actuators, such 

as the blade's pitch angle and the generator's torque. The following flags should be adjusted: 

o PCMode: pitch control model = 5 for co-simulation with MATLAB/Simulink.  

o VSContrl: variable-speed control mode = 5 for the co-simulation MATLAB/Simulink.  
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Mooring lines file (xx__FEAMooring.dat/xx__Mooring.dat/xx__MAP.dat): This module 

provides the various properties of the mooring lines attached to the rig, such as line type, material, 

diameter, and length. It is chosen based on the platform type. Each file includes some parameters 

and properties for the interaction soil structure.  

The hierarchy of the codes is illustrated in Figure 3. 

.._ElastoDyn.dat.._InflowWind.dat

.._HydroDyn.dat

.._ServoDyn.dat .._MooringDyn.dat

Uniform

.wnd / .hh

Binary

.bts

.._AeroDyn.dat

Main file 

RootName.fst

Hydrostatic restoring matrix

.hst

Tower properties

.._ElastoDyn_Tower.dat

Blades properties

.._ElastoDyn_Blade.dat

Airfoil Information

CylinderX.dat

DUXX_A17.dat

Rotor/Blade properties

.._AeroDyn_blade.dat

Depending on the 

type of platform

Simulink control 

signals

 
Figure 3 – Codes hierarchy in OpenFAST 

On the other hand, the OpenFAST has the following outputs: 

Table 1 - List of output files  

Generated 

file 
Extension  Format Description 

Summary .sum Txte   
Report files generated for each part. These reports include a 

summary of the simulation. 

Time series 
.out Txte  

Output matrix of all the numerical outputs mentioned at the end 

of each part. 

.outb Binary   Time-marching tabular output in a binary format.  

Linearization  .lin Txte  Linearized output matrix.  

Visualization .vtp 
VTK XML 

(text) 
Polygonal data file for visualization and animation.  

Note: If a certain module remains inactive during a simulation, executions of that module's 

subroutines are excluded, and the module’s inputs/outputs are neither established nor used. 
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2-2- Configuring OpenFast/MATLAB-Simulink co-simulation 
Step 01- Download OpenFAST: OpenFAST is open-access software that can be downloaded 

freely from GitHub: https://github.com/OpenFAST/openfast.    

Step 02- Download the build folder: you can find it at the following link: 

https://github.com/sido28/OpenFAST-build-folder-.git.  

Step 03- Add build folder to MATLAB paths: After downloading this folder: 

1-  Copy and paste it into the main Folder of OpenFAST,  

2- Open Matlab and select the Set Path option,  

3- Select Add Folder. 

4- Open the repository of the bin folder included in the build folder, as illustrated in Figure 4.  

5- Finally, choose this folder and save the changes.  

1 2

3

4

5
 

Figure 4 – Coupling OpenFAST with Matlab 

2-3- First simulation  
After coupling OpenFAST with Matlab, a first simulation should be performed to check the 

communication between the two software. Two example models (OpenLoop and Test01_SIG), 

included in the OpenFAST folder (go to ...OpenFAST\glue-codes\simulink\examples), can be used 

for this purpose. Each example has a Simulink model (.mdl) and a script file (.m).  

 OpenLoop :  

Open OpenLoop.mdl: 

- As illustrated in Figure 5, the main block Simulink file 'FAST Nonlinear Wind Turbine' has 

seven inputs and one output, 'OutData'. Here is the S-Function responsible for communicating 

between Simulink and OpenFAST. It requires the name (FAST_InputFileName) and the 

simulation time (TMax).  

Open Run_OpenLoop.m:  

- As illustrated in Figure 6, the parameters FAST_InputFileName and the TMax should be 

defined in the associated script file (.m).  

https://github.com/OpenFAST/openfast
https://github.com/sido28/OpenFAST-build-folder-.git
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- FAST_InputFileName should have the same name as the main file (.fst) (if this file is not 

included in the current Matlab operating repository, the full path should be written before the 

name, as illustrated in this example).  

- Running this simulation helps check and understand the co-simulation function.  

 

 
Figure 5 – OpenLoop Simulink blocks 

 
Figure 6 – OpenLoop Matlab script 

 Test01_SIG :  

In this case, a simplified model of a simple induction generator (SIG) is associated with the model 

to assess the performance in the presence of a load coupled with the high-speed shaft (generator). 

The model and the conversion chain are.  

Open Test01_SIG.mdl: 

- Figure 7 illustrates the coupling of the WT with a SIG. The first input is a double signal that 

includes the generator's torque and power. 

- The torque can be controlled to achieve maximum power at low wind speeds. 

- Additionally, the machine model uses the feedback signal (low-speed shaft rotational speed, 

or 'rpm') as an input. The value is extracted from the OutData matrix using the Fnc block 

with the following expression: u(strmatch('LSSGagVxa',OutList)), where LSSGagVxa 

represents the generator speed. 
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Open Run_ Test01_SIG.m:  

- This file contains the IG machine parameters (.m), in addition to the OpenFAST parameters, 

FAST_InputFileName, and the TMax. 

- Running this simulation helps check and understand the closed-loop simulation. 

Wind

Waves

Paero Pele

Blades

Drivetrain

SIG

HSS

LSS

 
Figure 7 – Test01_SIG Simulink script 

Main file (.fst)

Summary file (.sum)

Outputs file (.out)

 
Figure 8 – Main and summary files 

Note: You can check the outputs list generated. Open the folder that includes the main file (.fst); 

after the simulation, .sum, .out, and .outb files are generated. There is a .sum file with the same 

name as the main file. For example, in the Test01_SIG case, the main file has the name 

AWT_YFix_WSt.fst, so the summary file that includes the list of all the outputs has the name 

AWT_YFix_WSt.sum, while the output results are provided in file with a similar name but its 

extension is .out. See Figure 8.   
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3- Outputs 

As previously mentioned, each module of the OpenFAST sub-codes provides a list of outputs, 

depending on the WT type and characteristics. However, it is possible to delete or add more outputs 

that are not mentioned in the module output list. 

1. Download the full list of the OpenFAST outputs (link). 

2. The downloaded file is an Excel file with several sheets. Specify the module that should 

generate your output by choosing the corresponding sheet.  

3. Assuming that I want to add the nacelle fore-aft acceleration to the list of the outputs: 

a. Select ElastDyn sheet, 

b. Go to Nacelle IMU Motions section, 

c. As illustrated in Figure 9, the corresponding value is the translational acceleration 

of the nacelle inertial measurement unit along the x-axis (NcIMUTAxs). Copy the 

name of this value. 

d. Go to the ElastoDyn file associated with the model that you are working on and 

paste it (NcIMUTAxs) to the output list at the end of this code, as illustrated in 

Figure 10. 

1

2

3

 
Figure 9 – Selecting a new output from the output list. 

 

https://www.google.com/url?sa=t&source=web&rct=j&opi=89978449&url=https://openfast.readthedocs.io/en/dev/_downloads/3f19498a5dc774461e022b671ff01ec6/OutListParameters.xlsx&ved=2ahUKEwi078u3qp-KAxUbVKQEHYtsJQAQFnoECBgQAQ&usg=AOvVaw1E-8x_sxvbYeJEllUzLlRO
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2

1

 
Figure 10 – Adding a new output to the output list. 

Note: Some outputs have more than one name. 

Note: The updated version of OpenFAST has removed some of the output names. If you are unable 

to find the output name, it is recommended that you check the version. 
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FOWT Modeling – Basics 

1-WT modeling 

1-1- Aerodynamic model:  
The turbine blades capture the aerodynamic power (kinetic of wind) and convert it to mechanical 

power by rotating the low-speed shaft (LSS). The captured aerodynamic power (Paero) can be 

expressed as follows [2]:  

 2 3 3( , ) ( , )

2 2
aero

Cp Cp
P R V SV

   
    (1) 

where V is the wind speed, Cp is the power coefficient, β inclination angle, λ tip speed ratio, R is 

the radius, S is the surface swept by the blades, and ρ (=1.225) is the air density. The aerodynamic 

torque (Taero) can be expressed as    

 
3 2( , )

2

aero
aero

LSS

P Cp
T R V

 


 
   (2) 

 LSSR

V


   (3) 

where ωLSS is the low-speed shaft (LSS) rotation speed, the Cp function is nonlinear and has 

several forms [2]. The most common one is  

 

5

2
1 3 4 6

3

( , )

1 1 0.035

0.08 1

c
c

Cp c c c e c   


   


 

    
 

 
 

 (4) 

where c1= 0.5176, c2= 116, c3= 0.4, c4= 5, c5= 21, c6= 0.0068. Figure 9 presents the Cp curves as 

a function of the tip speed ratio (λ). 

 
Figure 9 – Cp curves as a function of the tip speed ratio (λ) 
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Defining the parameters in FAST:  

Parameters In FAST Location 

R TipRad       ElastoDyn        - Turbine configuration 

ρ AirDens Main file (.fst) - Environnemental conditions 

However, the real harvested power is lower than the theoretical due to several structural and 

environmental factors. From Figure 10, the FOWT is installed on a floating platform that may have 

extra motions. In addition, it has a significant tower length, which can increase the twist angle of 

the tower deflection. These factors can induce significant nacelle motions that can change the hub's 

rotation speed. Therefore, nacelle for-after motions should be included in Equation (1) in addition 

to the wind speed. The OpenFAST provides these motions in the output list, section nacelle inertial 

measurement unit (NcIMU) motions in the ElastoDyn file, such as:  

- NcIMURVxs: rotational velocity according to the x-axis (for-aft) in deg/s. 

- NcIMUTVxs: fore-aft translational velocity in m/s. 

- NcIMUTAxs: fore-aft translational acceleration in m2/s. 

Moreover, one essential factor is the blades' flexibility. Figure 11 illustrates how large blade 

deflections can significantly reduce the swept area (S) compared to rigid blades' swept area (S0). 

OpenFAST includes higher-fidelity aerodynamic models, such as BEM, dynamic BEM (DBEM), 

and OLAF, to accommodate this flexibility. To change this model in OpenFAST, change the flag 

'WakeMod' in AeroDynV15 (0=none, 1=BEM, 2=DBEM, 3=OLAF). 

Note: WakeMod cannot be 2 or 3 when linearizing. 

Fixed bottom Floating platform

Twist angle

Twist angle

Platform pitch angle

T
o
w

e
r

 
Figure 10 – nacelle fore-aft displacement as a function of the tower deflections: fixed bottom vs floating 

platform 
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S0

S

R0 R

 
Figure 11 – Swept area (S0) using rigid blades and swept area (S) using flexible blades 

1-2- Mechanical model (drivetrain):  
The two-mass drivetrain mechanical model of the wind turbine is modeled based on the gearbox 

mass and the wind wheel mass [3], as explained in Figure 12. 

 

kd

ksωLSS Taero

Jtr

Dtr

Tmec

Tem

Jgn

Dgn

ηg

LSS

HSS

ωHSS

 
Figure 12 – two masses gearbox system 

 The mathematical equations of a two-mass drive train model are given based on the second 

Newton's law. The low-speed shaft dynamics can be expressed as follows: 

 LSS
tr aero mec LSS tr

d
J T T D

dt


    (5) 

where Taero is aerodynamic torque, Jtr is the turbine shaft inertia, Dtr is the turbine damping 

coefficient, and Tmec is mechanical torque, which can be calculated as follows: 

    
r r

mec s LSS HSS d LSS HSS s r d rT k k k k

 

            (6) 

where ks is drivetrain stiffness, kd is the damping factor, and θr is the angle between the turbine 

rotor and the generator rotor (torsion angle of the mass).  

On the other hand, the HSS dynamics can be expressed as follows: 
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 HSS mec
gn em HSS gn

g

d T
J T D

dt





    (7) 

where Tem is electromagnetic torque, ωHSS is the speed of the HSS, Jgr is the generator side shaft 

inertia, Dgn is the generator self-damping coefficient, and ηg is the gear ratio. Using Laplace 

transformation  

  
1

LSS aero mec

tr tr

T T
sJ D

  


 (8) 

Neglecting all the damping and stiffness factors, Equation (7) can be rewritten as  

 

2

1

1 1

HSS LSS
gn aero tr em

g

HSS
aero tr em

g g

aero tr HSS
em

g g

d d
J T J T

dt dt

d
T J T

dt

T J d
T

dt

 





 



 

 
   

 

 
    

 

  

 (9) 

After simplifications  

 2

tr HSS aero
gr em

g g

J d T
J T

dt



 

 
    

 

 (10) 

For the low-speed shaft, Eq(10) can be provided as follows : 

 2

g LSStr aero
gr em

g g

dJ T
J T

dt

 

 

 
    

 

 (11) 

  2

mec

LSS
g gr tr aero g em

J

d
J J T T

dt


     (12) 

Defining the parameters in FAST:  

Parameters In FAST Location 

Jtr HubIner Elastodyn- Mass and inertia 

Jgr GenIner Elastodyn- Mass and inertia 

ηg GBRatio Elastodyn- Drivetrain 

ks DTTorSpr Elastodyn- Drivetrain 

kd DTTorDmp Elastodyn- Drivetrain 

 

1-3- Model linearization:  
The linearized aerodynamic torque at the linearization points (lp) is provided as follows:  

 
lplpglp

HSS

HSS

aero aero aero
aero

V

T T T
T V

V


 
 

  
      

  
 (13) 

The linear model of the generator speed based on Equation (13) is: 
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  g

HSS aero g em

mec

T T
J


      (14) 

 
HSSHSS HSS V Tem emA B BB V T           (15) 

 ( )
HSSHSS V Tem emVs B TA B B         (16) 

 

2- Control designing 

2-1- Control objectives 
As illustrated in Figure 12, the main objectives of controlling the wind turbine are maximizing the 

power production when the wind speed is above the cut-in value (in R2) and maintaining it at the 

rated value when the wind speed is above the rated value (in R3). This can be achieved by 

controlling the Cp function. The control system maximized it in R2 and reduced it to reduce the 

aerodynamic torque in R3 value by adjusting the pitch angle and the generator torque. If the wind 

speed didn't exceed the cut-on value but was below the rated value (in R1), the wind blades turned 

at a very low speed, producing no power. Hence, the wind turbine is turned off. If the wind speed 

exceeds the cut-off value, the control should stop the rotation speed at this (in R4).  

 
Figure 12 – Wind power as a function of the wind speed 

Assumptions: 

 In region 3, the generator torque is constant, so ΔTem = 0.  

 In region 2, the blade pitch angles are assumed to be constant, so Δβ = 0.  
 When linearizing at constant wind speed, the disturbance ΔV is zero, and BV is set to 0. 

Therefore, the parameters of Equation (16) are calculated at constant wind speed (Vlp) as 

follows: 

 ( )
HSS

g

mec HSS

aero
lp

T
A V

J


 

 



 



 (17) 
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   (21) 

Based on [4], the power coefficient Cp can be calculated at any operating point as follows:  

 

3

( )
lp

rated

rate

lp

d

Cp Cp





 
  

 
 (22) 

 

2-3- Region II controller (MPPT):  
The control objective in this region is to maximize the generated power by controlling the 

generator's torque. There are many strategies in the literature, such as optimal torque control 

(OTC), tip speed ratio control (TSRC), fuzzy logic, and reinforcement learning. 

2-3-1- OTC: 

Based on the Cp curves Eq(4) and Fig.4, the WT can achieve its MPP using an MPPT strategy, 

such as the optimal torque control strategy (OTC) [5]. The max Cp value (Cpmax) and the 

corresponding lambda (λopt) value can be detected. λopt and Cpmax are obtained from the Cp curves. 

Using Eq(2), the wind speed corresponding to the max power can be estimated as follows:  

 
LSS

est

opt

R
V




  (23) 

Therefore, the optimal torque that maximizes the power can be calculated based on Equation (2-

3) as follows: 

 
3 2max

2

opt

aero

opt

Cp
T R V


  (24) 

Hence, the optimal generator torque value can be calculated as follows: 

 

5 2max

3

2

2

opt
opt aero

em LSS

g g opt

mppt LSS

T Cp
T R

k

 
  



 



 (25) 

2-3-2- TSR tracking PI controller:  

Modeling errors may significantly affect the reliability of the traditional OTC method, as modern 

rotor flexibility varies with wind speeds. Therefore, the TSR tracking controller has been adopted. 

This controller can hold the TSR at its optimal value based on the wind speed (measured or 
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estimated value). A PI controller is used to minimize the error between the measured and reference 

generator speed values, where the reference speed is calculated as follows:   

 opt

ref g rated

V

R


     (26) 

The closed-loop of Equation (16) with a PI controller in the below-rated operation region can be 

presented as follows:  

  
 

 2

HSS

Tem pTSR iTSR

Tem

Tem pTSR Tem iTSR

B k k
H s

s s B k A B k

s






  
 (27) 

The PI controller parameters can be calculated as follows: 

    2

1
2 2

HSS HSS

mec
p n n

Tem

TSR TSR TSR TSR TSR

g

J
k A A

B
    


      (28) 

 
2

2

2

n mec
i n

Tem g

TSR
TSR TSR

J
k

B





    (29) 

where ωnTSR represents the natural frequency controller (=0.15 rad/s for 5MW NREL FOWT), and 

ξTSR represents its damping factor (=0.7 for 5MW FOWT). Often, they are tuned for V=Vrated.  

2-4- Region II controller  

2-4-1- Torque controller  

It is possible to control the torque in this region by one of two methods: constant torque control, 

Equation (30), or constant power control, Equation (31): 

 rated
em

rated

P
T


  (30) 
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In constant torque control, variations in power output are directly linked to variations in generator 

speed. If constant power control is used, there are still some changes in power output because the 

generator speed feedback is low-pass filtered, but the power is more consistent. Jonkman [6] 

asserts that employing a constant generator torque controller can enhance the stability of the 

floating platforms.  

2-4-2- Pitch controller (GSPI baseline controller):  

In this region, the generator speed and power are regulated around their rated values, so Equation 

(14) can be rewritten as:  

  ( )
g

rated HSS aero g em

mec

d
T T

dt J


      (32) 

Where the aerodynamic and generator torques are simplified using first-order Taylor series 

expansion as follows:    
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Replacing in Equation (32):  
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On the other hand, Δβ is generated by a PI controller. Hence, Equation (35) can be rewritten as: 
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Based on the recommendation in [7], using Laplace transformation and by setting de/dt = ΔωLSS  
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Therefore, the control gains are calculated as follows:  
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According to [8], the PI gains change linearly with the change in the pitch angle. Therefore, the 

control law, including the gain-scheduling correction factor, can be presented as follows:   

   ( ) ( )GSPI GSPIp ik e t k e t dt       (40) 
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 (41) 

where βk symbolizes the pitch angle at which the pitch angle sensitivity value doubles from that at 

the rated operating point.  
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