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Abstract: The installation of fixed offshore wind power systems at greater water depths requires a
floating body at the foundation of the system. However, this presents various issues. This study
analyzes the characteristics of the platform motion of a floating offshore wind turbine system based
on the performance of the pitch controller. The motion characteristics of the platform in a floating
offshore wind power generation system, change according to the response speed of the blade pitch
controller since the wind turbine is installed on a floating platform unlike the existing onshore wind
power generation system. Therefore, this study analyzes the platform motion characteristics of
a floating offshore wind turbine system using various pitch controllers that have been applied in
previous studies. Consequently, an appropriate pitch controller is proposed for the floating offshore
wind turbine system. The floating offshore wind turbine system developed in this study consists of an
NREL 5-MW class wind turbine and an OC4 semi-submersible floating platform; the pitch controller
is evaluated using FAST-v8 developed by NREL. The results of this study demonstrate that the
pitch controller reduces the platform motion of the floating offshore wind power generation system,
considering both the individual pitch control and the negative damping phenomenon. Additionally, it
is confirmed that the output increases by approximately 0.42%, while the output variability decreases
by 19.3% through the reduction of the platform movement.

Keywords: floating offshore wind turbine; pitch controller; individual pitch control; negative
damping; FAST

1. Introduction

There has been an increasing demand in recent years for the reduction of greenhouse
gas emissions from renewable energy sources. The research on marine energy is being
promoted due to the shortage of habitable land and due to the increased energy consump-
tion. Particularly, extensive research is being conducted on the development of technology
in offshore wind power generation, which is one of the main forms of marine energy [1].
This research has been ongoing since the 1990s; it has been connected to the grid and
has been significantly improved over the past decade [2]. The early offshore wind power
generation system generally consisted of a foundation formed by a monopile fixed to the
seabed at a depth of 50 m or less, a gravity-based structure, a jacket, and a wind turbine
at the top [3]. However, a floating body is required at the bottom of the fixed offshore
wind power system foundation for installation at a greater water depth [4]. Several studies
have been actively conducted in recent years on floating offshore wind power generation
systems while considering the practical offshore conditions [5].

Wind turbines generate electricity above the starting wind speed. Firstly, the rotor
blade pitch angle is set to 0 to generate a high lift, which maximizes the power generation
efficiency below the rated wind speed, and torque of the wind power generator is con-
trolled [6]. The pitch is controlled to adjust the rotor blade pitch angle to limit the amount
of input power when the wind speed exceeds the rated wind speed, and the torque is

Energies 2022, 15, 716. https:/ /doi.org/10.3390/en15030716

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15030716
https://doi.org/10.3390/en15030716
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-1407-4812
https://orcid.org/0000-0001-5366-5725
https://orcid.org/0000-0001-7727-9044
https://doi.org/10.3390/en15030716
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15030716?type=check_update&version=1

Energies 2022, 15, 716

2 of 14

then controlled to maintain the rating of the wind power generator [6,7]. Lastly, the lift
force generated on the rotor blades when the wind speed is higher than the terminal speed,
is controlled to be close to zero through feathering control, while controlling the pitch.
Therefore, it is important to control the pitch angle using a pitch controller to successfully
perform pitch control based on each control mode [8].

The existing pitch controllers have two goals above the rated wind speed. The first
goal is to maintain the rated rotational speed of the rotor to ensure that the wind turbine
maintains the rated output [9]. The second goal is to reduce the mechanical fatigue load on
the wing produced by wind. In the case of a large wind turbine with a relatively large rated
output and rotor size, the wind flows in different directions or wind shear occurs at different
positions of the rotor blades [10]. This phenomenon generates a load on the rotor blades,
and the accumulation of the load adversely affects the lifespan of the wind turbine [11].
Therefore, a study has been conducted on individual pitch control (IPC) to reduce the
fatigue load, in which the pitch angle of each blade is individually controlled based on the
altitude of each blade [12]. The floating offshore wind power generation system requires a
pitch controller that can consider the platform motion along with its existing goals [13,14].
The pitch controller used in the floating offshore wind power generation system overcomes
this issue by reducing the control response frequency below the pitch resonance frequency
of the platform [15].

This study analyzes the platform motion characteristics of a floating offshore wind
power generation system by applying the characteristics of the different pitch controllers
analyzed in previous studies. An existing pitch controller is applied for land use, an
individual pitch controller is applied to reduce the mechanical load, and another pitch
controller is applied to reduce negative damping. The output characteristics and platform
motion characteristics of the floating offshore wind power generation system are analyzed
based on the application of the existing onshore pitch controller and the application of
the individual pitch controller to reduce the mechanical load. Consequently, the output
performance of the pitch controller is compared by considering the negative damping
phenomenon and movement characteristics. Additionally, the performance of the pitch
controller is also compared for the floating offshore wind power generation system to
which the individual pitch controller is applied. The characteristics of a suitable pitch
controller for a floating offshore wind-power generation system are thus derived.

In this study, the performance of the pitch controller is analyzed using fatigue, aerody-
namics, structures, and turbulence (FAST) developed by the National Renewable Energy
Laboratory (NREL) (Golden, CO, USA) while considering the dynamic characteristics of a
floating offshore wind power system.

MATLAB/Simulink is used to drive the FAST-v8 model, and numerical analysis is
performed by configuring a torque controller and a pitch controller. An NREL 5-MW class
wind power generation system is used as the wind turbine model in the numerical analysis,
on an OC4 semi-submersible platform.

In this paper, a suitable pitch controller for a floating offshore wind power generation
system is derived. IPC for offshore showed the best performance by reducing mechanical
load as well. Offshore IPC increased 0.42% in average output power and reduced 19.3%
in output power variability. Additionally, the volatility of the platform movement was
greatly reduced to about 64.5%. In conclusion, it was confirmed that the most suitable pitch
controller for the floating offshore wind turbine system is the offshore IPC. Section 1 of this
paper is an introduction, and Section 2 introduces the general control system of an offshore
wind power generation system. Section 3 contains an introduction to methods for deriving
suitable pitch controllers for floating wind turbines. Section 4 shows the description of the
numerical model and its composition. Section 5 contains the analysis results, and Section 6
is the conclusion.
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2. Offshore Wind Power System Control Method

Typically, wind power generation is divided into different operation sections based on
the input energy. In region 1 (less than Vcyt.in), the generator cannot operate due to low
input energy; the maximum input energy is extracted based on the wind speed in region 2;
in region 3, the output is controlled through pitch control when the wind speed is increased
above the rating. Lastly, in region 4, it is difficult to control the output even with pitch
control owing to the strong wind speed; thus, the generator is forcibly stopped (Vcut-out is
exceeded). Figure 1 depicts the output characteristic curve of the wind turbine based on
the wind speed.
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Figure 1. Wind turbine output characteristic curve based on wind speed.

An offshore wind power generation system is a device that converts the kinetic energy
of air into electrical energy. Essentially, the maximum amount of power can be generated
only when the efficiency of the wind turbine is maximized, in order to maximize the
kinetic energy of the air. Using the input power and mechanical power of air, the output
characteristics of the turbine can be expressed as follows:

C, = P rotor
- 7
Pind

@
The input power of air can be calculated using the wind speed and length of the blades
as follows [16]:
1
Puying = ENRzotorsz?;' )
From Equation (2), the mechanical power of the blade can be defined as follows:

1
Ppiage = (27TR$otorsz?;) X CP()\/ ﬁ) 3)

Here, C, can be calculated according to the tip peripheral speed ratio (1) and pitch
angle (B).

The tip peripheral speed ratio defined in Equation (3) can be calculated as follows:

_ O * Ryjage

A 7 4)
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The mechanical power of the blade can be calculated using the aerodynamic torque
(Ta) and wind turbine rotation speed (€,) as follows:

Protor = Ty ¥ Q, (5)

Equations (3)—(5) can be used to express the aerodynamic torque of the blade, and the
power control value for maximum output control can be calculated as follows [16]:

1 Cp(A,
P, = 2nR%mp(”(Aﬁ)) x Vi ©)

2.1. Torque Controller

The torque controller is a control strategy used to obtain the maximum amount of
power generation based on the rotational speed of the wind turbine in general, which
partially corresponds to region 2 explained earlier. The maximum amount of power
is obtained by controlling the reference torque to maximize the efficiency (C,) of the
turbine corresponding to the rotational speed of the wind turbine. The electrical power
control required to adequately satisfy the turbine efficiency can be calculated using the
aerodynamic power shown in Equation (6) and by considering that the tip peripheral speed
ratio is optimal, as follows:

1 C, Q, xR 2
Pa, opt = ZnR%otwp< ﬁ)( : Aopf””k) ?)

The constant values presented in Equation (7) are rearranged, the gear ratio of the gear-
box is considered, and the generator electrical torque control value is expressed as follows:

1 /m\2
Pg*en = Kopt X m (70) X Q;en (8)

The reference torque curve required to obtain the maximum power generation of the
generator is depicted in Figure 2.
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Figure 2. Reference torque curve corresponding to change in generator angular velocity.

2.2. Pitch Controller

The pitch controller is a control strategy used in region 3 to forcibly reduce the output
by reducing the efficiency of the turbine for the equivalent wind speed by adjusting the
pitch angle. Essentially, the output of the wind power generator can be maintained at
the rated output by varying the pitch angle in the wind above the rated wind speed.
The pitch controller generally adjusts the pitch angle using the angular velocity of the
generator. A PI controller can be used to adjust the difference between the current generator
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rotation speed and rated rotation speed. Figure 3 illustrates the control configuration of the
pitch controller.

Generator speed
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Figure 3. Pitch controller configuration diagram for rated output control.

As for the classification of the pitch controller, there is a collective pitch controller
(CPC) for controlling all blades at the same time and an individual pitch controller (IPC)
for reducing the load on each blade according to the wind shear as the length of the
turbine blade increases. In addition, in the case of floating offshore wind turbine systems,
since it affects the movement of the floating body according to the control response of the
pitch controller, a PI gain considering this is required. Table 1 shows the classification of
pitch controllers.

Table 1. Classification to pitch controller of floating wind power generation system.

Classification Target
Collective Pitch Controller Onshore
Collective Pitch Controller Offshore
Individual Pitch Controller Onshore
Individual Pitch Controller Offshore

3. Floating Offshore Wind Power System Pitch Controller Design

The lower part of the wind power generator is connected to the floating body in the
floating offshore wind power generation system contrary to the onshore—offshore wind
power generation system. This implies that the pitch controller of the floating offshore
wind power system must be designed by considering the motion characteristics of the
platform unlike the pitch controller of the onshore-offshore wind power generation system.
Firstly, the design of the existing onshore—offshore wind power system pitch controller
considers the dynamic response of only the wind power generator. The PI gain of the
existing onshore—offshore wind power system pitch controller can be calculated using
Equations (9) and (10) [13,14] as follows:

Gy
Kp(0) = GK ©)
’ Ng [—L%nd (6= 0)]
G
Ki(0) = , GK (10)
N {_Alzlénd (6 = 0)}
[ g; } _ IDQOwW[ ifp‘i } (11)

The pitch controller employs the gain correction coefficient, GK(6), which can be

calculated as follows: .

(12)

An external surface vibration of the rotor occurs in the existing onshore—offshore wind
power system pitch controller. This vibration phenomenon is transmitted to the tower
through the hub, drive train, and yaw bearing of the wind turbine, thereby reducing the
lifespan of the wind turbine [17]. Particularly, the blade length increases with the increase in
the size of the offshore wind power generation system, and the vibration of the rotor becomes
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more fatal to the wind turbine. The vibration phenomenon inevitably increases in large wind
turbines with relatively long blades because the rotor blades receive different loads based
on the altitude owing to the wind shear. An individual pitch control (IPC) is applied to an
offshore wind power generation system for land applications to solve this problem.

The individual pitch controller increases the wing pitch angle when the rotor blade
moves to a higher position than that of the existing land-based pitch controller, and the wing
pitch angle decreases when compared to that of the existing land-based pitch controller
when the wing moves to a lower position. This can effectively reduce the mechanical load
on the rotor blades owing to the wind shear. The individual pitch controller can convert
the wing bending moment value measured by the sensor located at the hub, into the fixed
coordinate system of the nacelle using the Coleman inverse transformation [18]:

1
Mo = (My1 + My + My3) (13)
1 2 4
My = 3 <My1 cos () + M, cos (¢ + 57'() + M,z cos (¢ + 37T)> (14)
1 . . 2 . 4
My = 3 M, sin () + M, sin (¢ + gn) + M,z sin (y + 571) (15)

where 1 represents the azimuthal angle.
Using the bending moment values of the fixed coordinate system presented in
Equations (13)—(15), My and My, can be calculated as follows:

3

My = 5 M (16)
3
Myaw = EMcm,C (17)

The angle of the individual pitch controller required to reduce the bending moment
(M, Myaw) in the rotational coordinate system presented in Equations (16)—(17) can be
implemented by using a low-pass filter and an integral controller. The individual pitch
angle of each blade, which reduces the fatigue load of the wind turbine due to the vibration
of the blade, can be calculated by using the Coleman transformation [9] as follows:

Q?PC, a— Cos(lp)etilt + Sin(lp)eyaw (18)
* 2 . 2
O1pc, p = cos (4’ + 37T> Oy + sin (¢ + 37'5) 0yaw (19)
* 4 . 4
O1pc, ¢ = cos( ¢ + §7T O +sin| P + 57'[ Oyaw (20)

The pitch controller angle calculated by using Equations (9)—(11) and the individual
pitch angles calculated in Equations (18)-(20) are combined to generate the final pitch angle
for the individual pitch controller. Figure 4 presents a control diagram of the individual
pitch control algorithm.

Generator speed
(Oreal

PI ? @ —/II/_ ﬂref
GK

IPC Controller ~ @rted

Figure 4. IPC pitch control algorithm configuration diagram.
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Unlike the existing offshore wind power generation system, the floating offshore
wind power generation system interacts with negative damping according to the control
response of the pitch controller. This phenomenon is called negative damping, and the
floating offshore wind power generation system employs a pitch controller to overcome this
problem. A study was conducted on the pitch controller for a floating offshore wind power
generation system to solve this problem [14] based on the research results of the negative
damping phenomenon caused by the fast response speed of the existing onshore pitch
controller [13,14]. The limitations of the land controller can be overcome by reducing the
response speed of the pitch controller, thereby reducing the PI gain. The negative damping
phenomenon problem can be overcome by reducing the response frequency of the pitch
controller when compared to the resonant frequency of the float pitch [14]. A controller
is then applied to the floating offshore wind power generation system. Additionally, the
research conducted on the existing IPC controller has been primarily focused on the onshore
pitch controllers. The performance of an offshore pitch controller applied with an IPC
controller is also compared in this study. In summary, in this paper, the performance of
CPC and IPC described above was compared. A suitable pitch controller for the floating
offshore wind power system was derived by comparing the output characteristics and
floating body motion characteristics of the floating offshore wind power generation system
according to each controller.

4. Numerical Analysis
4.1. Target Model

The FAST-v8 model, developed by NREL, is used in this study to analyze the perfor-
mance of the pitch controller by considering the dynamic characteristics of the floating
offshore wind power generation system. MATLAB/Simulink is used to drive the FAST-v8
model, and the numerical analysis is performed by configuring a torque controller and a
pitch controller. The NREL 5-MW class floating offshore wind power generation system is
used as the wind turbine model for the numerical analysis [14] on an OC4 semi-submersible
platform [19]. Figure 5 illustrates the target floating offshore wind power system, Table 2
presents the main specifications of the NREL 5-MW wind turbine used in this study, and
Table 3 lists the main specifications of the OC4 semi-submersible platform.

w2« Topoftower

77.6m

Towerfreeboard

.

SWL 10

Shl NN i

cSm

Figure 5. Floating wind system design with OC4 semi-submersible platform [19].
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Table 2. Properties selected for the NREL 5-MW baseline wind turbine (source from: [14]).

Rating 5 MW
Rotor Orientation, Configuration Upwind, 3 Blades
Drivetrain High Speed, Multiple-Stage Gearbox
Rotor, Hub Diameter 126 m,3m
Hub Height 90 m
Cut-In, Rated, Cut-Out Wind Speed 3m/s,11.4m/s,25m/s
Cut-In, Rated Rotor Speed 6.9 rpm, 12.1 rpm
Rated Tip Speed 80m/s
Rotor Mass 1.1 x 10° kg
Nacelle Mass 24 x 10° kg
Tower Mass 3.4746 x 10° kg

Table 3. Floating platform structural (OC4 semi-submersible) properties (source from: [19]).

Platform Mass Including Ballast 1.3473 x 107 kg
CM Location Below SWL 13.46 m
Platform Roll Inertia About CM 6.827 x 10° kg-m?
Platform Pitch Inertia About CM 6.827 x 10° kg-m?
Platform Yaw Inertia About CM 1.226 x 100 kg-m?
Depth of Platform Base Below SWL (Total Draft) 20 m
Elevation of Main Column (Tower Base) above SWL 10 m
Elevation of Offset Columns Above SWL 12m
Length of Upper Columns 26 m
Length of Base Columns 6 m
Depth to Top of Base Columns Below SWL 14 m

4.2. Analysis Method and Conditions

The analysis of the floating offshore wind turbine is performed by using the 5 MW-class
FAST nonlinear wind turbine model implemented in FAST_SFunc.mex for the configuration
of FAST using MATLAB/Simulink [20].

Furthermore, a torque controller and pitch controllers are implemented for a floating
offshore wind power generation system using MATLAB/Simulink; a pitch controller is
implemented for land applications, along with an individual pitch controller and a pitch
controller considering negative damping.

Figure 6 illustrates the MATLAB/Simulink-based FAST configuration used in this
study. A rated wind speed of 11.4 m/s is applied as the numerical analysis input wind
speed condition, and the Pierson-Moskowitz (PM) spectrum of the significant wave height
(Hs = 6 m) and peak wave period(Tp = 10 s) is applied as the input wave condition to verify
the floating body motion performance corresponding to the pitch controller. To implement
the blue spectrum, the total simulation time was set to 3 h.

Torque reference
~ outt

Gen_PCS Model

Torquue Controller

Yaw Controller

Pitch Controller

E"

High-Speed Shaft Brake

FAST Nonlinear Wind Turbine

Select LSS speed at entrance to gearbox (rpm)

f(u) le

Select LSS speed at rotor (rpm)

Figure 6. Matlab/Simulink based FAST configuration.
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5. Results and Discussion

Four pitch controllers are compared in this study. The pitch controllers implemented
for both land and offshore applications are composed of a collective pitch controller (CPC)
and an individual pitch controller (IPC). The controller characteristics are analyzed by
focusing on the platform motion performance of a floating offshore wind power generation
system based on the pitch controller.

Figure 7 illustrates the output power of the floating offshore wind power generation
system based on the pitch controller and the pitch angle of the blades controlled by the
pitch controller. The platform motion of CPC for onshore increases and the output power is
slightly reduced when compared to that of the CPC for offshore since the CPC for onshore
has a high response speed, which can be confirmed through the blade pitch angle. Since
the mechanical load of the IPC for onshore is reduced compared to the CPC for onshore,
the rated output is maintained relatively well in terms of output. However, it can be
seen that the blade pitch angle changes more due to the individual pitch control. The
response speed of the pitch controller of the floating offshore wind power system reduces
the PI gain of the pitch controller to solve the negative damping problem. This results in a
reduced platform motion of CPC for offshore, which can be observed to remain relatively
constant at rated power. Specific platform behavior is described later. In addition, if the
offshore IPC of the floating offshore wind power generation system is applied, the negative
damping phenomenon can be reduced and the mechanical load can also be reduced, so
that a constant value is maintained at the rated output. Specific data will be described later.

6000

1 1 1 1 1 1 1 1
|——CPC(Onshore) = = CPC(Offshore) — — IPC(onshore) = = IPC(offshore)|

5500 [~ -

5000

Power [kW]

4500

4000 1 1 1 1 1 1 1 1 1
3000 3020 3040 3060 3080 3100 3120 3140 3160 3180 3200
Time [s]

1 1 1 1 1 1 1 1
L{—— CPC(Onshore) —— CPC(Offshore) ——IPC(onshore) —— IPC(offshore)|

-]

blade pitch [deg]
)
L]

N

o

3000 3020 3040 3060 3080 3100 3120 3140 3160 3180 3200
Time [s]

Figure 7. Output characteristics and blade pitch angle of floating offshore wind turbine based on
pitch controller.

Figure 8 depicts the rotational speed of the rotor of the floating offshore wind power
generation system based on the pitch controller. It can be seen from Figure 8 that the
rotation speed of the turbine according to each pitch controller is not affected.
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Figure 8. Rotor rotation speed of floating offshore wind turbine based on pitch controller.

Figure 9 illustrates the follower motion of the floating offshore wind power system
platform based on the pitch controller. If the CPC for onshore is applied, it can be seen that
the motion of the floating body increases the most. In the case of IPC for onshore, it can be
seen that the floating body motion is reduced compared to the CPC for onshore. However,
since they are both pitch controllers for onshore, it can be seen that the platform movement
is large. For the pitch controller for the floating offshore wind turbine system, it can be
seen that the floating body motion is greatly reduced in the offshore CPC considering
the movement of the platform. In addition, the floating body motion of IPC for offshore
was relatively reduced compared to the marine CPC. This can be confirmed through the
detailed data below.

6 I I I T I T
|——CPC(Onshore) —— CPC(Offshore) IPC(onshore) —— IPC(offshore)|
5 —
g 4 0 I
S, n
é 3 A I
=3 , ' v '
8
s’ 7
(= -
1 1 1 1 1 1 1 1
3000 3050 3100 3150 3200 3250 3300 3350 3400
Time [s]

Figure 9. Platform pitch movement of floating offshore wind turbine based on pitch controller.

The platform follow-up motion of the floating offshore wind power system must
be controlled within an average of five degrees with the maximum difference lying within
10 degrees [21]. Essentially, the pitch controller of the floating offshore wind power generation
system must be designed to reduce the platform motion according to above guide line.

Figure 10 illustrates the histogram of the platform response of the floating offshore wind
power system based on the pitch controller. CPC for onshore shows the largest standard
deviation in terms of platform motion. IPC for onshore shows a smaller standard deviation
than CPC for onshore, but because it is a pitch controller for onshore, it shows a relatively
large platform motion. Both CPC and IPC for offshore show relatively smaller standard
deviation than pitch controllers for onshore. Among them, the IPC for offshore shows the
least platform movement because the mechanical load is reduced. In conclusion, it can be
confirmed that the pitch controller which considers negative damping is suitable because
the pitch controller for the floating offshore wind power system must consider the platform
motion differently from the existing controllers. Additionally, it can be confirmed that the
platform movement remains unaffected even if an individual pitch controller is applied.
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Figure 10. Histogram of platform pitch motion of floating offshore wind turbine based on
pitch controller.

Figure 11 presents the blade bending moment of the floating offshore wind power
system based on the pitch controller. For onshore or offshore applications, IPC exhibits
lower mechanical load variability than CPC. However, offshore controllers show lower
mechanical load variability than onshore controllers. Specific data can be seen in the
figure below.
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Figure 11. Blade bending moment of floating offshore wind turbine based on pitch controller.

Figure 12 presents the histogram of the bending moment of the floating offshore wind
turbine system based on each pitch controller. As described above, offshore pitch controllers
showed lower variability in terms of mechanical load than onshore pitch controllers, and
among them, offshore IPC showed the lowest mechanical load variability.
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Figure 12. Histogram of blade bending moment of floating wind turbine based on pitch controller.

Table 4 summarizes the important points of this paper. From Table 4, it can be confirmed
that the most suitable pitch controller for a floating offshore wind turbine system is an
offshore IPC. This can be seen in terms of output power generation and platform motion.

Table 4. Average value and standard deviation of output data based on pitch controller in 11.4 m/s.

Wind Speed [m/s] CPC IPC
Onshore Offshore Onshore Offshore
11.4 (Rated Speed) Value Value Diff. [%] Value Diff. [%] Value Diff. [%]
Avg 4897.93 4904.77 0.14 4908.72 0.22 4918.74 0.42
Power [kW] 5.D 187.05 172.6 —7.73 168.28 —10.04 150.96 ~19.30
g Avg 12.1 12.1 0 12.1 0 12.1 0
Rot-Speed [RPM] s.D 0.12 0.11 826 0.11 —8.26 0.09 —21.86
- Avg 2.93 2.89 -1.27 2.96 1.01 2.90 -0.97
Platform Pitch [deg] s.D 121 0.44 —63.35 0.92 —24.34 0.43 —64.50
: Avg 9437.49 9321.27 —1.23 9435.35 —0.02 9318.75 —1.26
Bending Moment [Nm] ——5 "5 1033.75 559.24 —45.9 871.33 —15.71 504.92 —51.16
Table 5 presents the output-limiting performance of each pitch controller at an input
wind speed of 18 m/s. The negative damping phenomenon is reduced with the increase
in the input wind speed, and the output-limiting performance of each pitch controller is
almost identical (within 1%). Table 6 shows a summary of terms used in this paper.
Table 5. Average value and standard deviation of output data based on pitch controller in 18 m/s.
Wind Speed [m/s] CPC IPC
18 Onshore Offshore Onshore Offshore
Value Value Diff. [%] Value Diff. [%] Value Diff. [%]
Power [kW] Avg 4968.87 4959.69 —0.18 4968.54 —0.01 4962.66 —0.12
S.D 69.57 70.12 0.79 69.91 0.49 69.02 —-0.79

Table 6. Common abbreviations that do not need defining in the text.

Abbreviation

Meaning

Protor
Pwind
CF’

rotor

o
Vw
Oy

R

Rotor Power (Mechanical Power)
Input Power (Wind Power)
Turbine Coefficient

Length of Rotor Blades

Density of Air

Wind Speed

Rotational Speed of Rotor
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Table 6. Cont.

Abbreviation Meaning

T, Mechanical Torque

A Tip Speed Ratio

N Gear Ratio

Ip Drivetrain Inertia

(O Rated Low-Speed Shaft Rotational Speed
Wepn Natural Frequency of PI Controller

G Damping Ratio of PI Controller

0 Rotor-Collective Blade-Pitch Angle

O Blade-Pitch Angle Which Sensitivity Has Doubled
GK Gain-Correction Factor

6. Conclusions

In the floating offshore wind turbine system, the power generation performance and
the floating body movement are changed according to each pitch controller. Therefore, this
paper analyzed the platform motion characteristics and power generation performance
of floating offshore wind turbine system based on each pitch controller performance.
Since both CPC and IPC for onshore are not pitch controllers reflecting the characteristics
of floating bodies, it was confirmed that the motion of the floating body increased and
the power generation output decreased. However, both CPC and IPC for offshore have
eliminated the negative damping phenomenon due to the PI gain setting considering the
resonant frequency of the floating body, and this improved the performance of the floating
body’s motion and power generation output compared to the onshore pitch controllers.
Among them, IPC for offshore showed the best performance by reducing mechanical
load as well. Offshore IPC increased 0.42% in average output power and reduced 19.3%
in output power variability. Additionally, the volatility of the platform movement was
greatly reduced to about 64.5%. In conclusion, it was confirmed that the most suitable pitch
controller for the floating offshore wind turbine system is the offshore IPC.
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