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Abstract

This paper presents the recent control technologies being researched for floating offshore wind energy system (FOWES).
FOWES has been getting many attentions recently as an alternative energy system utilizing vast sustainable wind resource
away from land with little restriction by human societies, artificial and natural obstacles. However, not only due to the harsh
environmental conditions such as strong wind, wave, and current, but also due to the platform motions such as surge, sway,
heave, pitch, roll, and yaw, there could occur many problems including less energy capture than expected, frequent emergency
stops, turbine structural instability, and fatigues resulting in early failures, which stay the levelized cost of energy (LCOE)
still high compared to conventional fixed offshore wind energy system. These risks could be lowered by operating the turbine
close to the optimum point and harvesting wind energy efficiently even under strong wind conditions with the properly applied
control technologies, while reducing the loads on structural components. Many researches have been actively going on not
only by numerical approaches, but also by experimental tests. This study is wrapping the most recent researches on control
technologies for promising floating offshore wind energy system according to different substructure designs such as a spar
type, semi-submergible type, tension-leg platform (TLP) type, and barge type, and discusses about its challenges as well.

Keywords Green technology - Floating offshore wind energy system (FOWES) - Substructures - Control algorithm -
Individual pitch control (IPC) - Collective pitch control (CPC)

Abbreviations 1 Introduction

OWT Offshore wind turbine

FOWT  Floating offshore wind turbine Wind energy has been in the spotlight as a major source of
WTG Wind turbine generator renewable energy, and its levelized cost of energy (LCOE)
RNA Rotor-nacelle assembly are becoming lowered through large wind farm construc-
LCOE  Levelized cost of energy tion and increased rotor size and capacity of wind turbines
OPEX  Operating expenditure with innovative technologies as shown in Fig. 1, which lead
CAPEX Capital expenditure to a preferable choice among other alternative renewable
MPPT  Maximum power point tracking energy sources against fossil fuel energy [1-4]. With inno-
IPC Individual pitch control vatively engineered designs of rotor blade airfoils and struc-
CPC Collective pitch control tures using recent powerful computational performance,

wind turbines have been designed to extract wind energy
as close as possible to the Betz limit, 59.3% [5-12]. Cur-
rently, total energy capacity of existing wind energy conver-
sion system has grown from 23.9 in 2001 and to 591 GW in
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' Department of Floating Offshore Wind Energy System, 2019, approximately 25 times increase has been achieved,
University of Ulsan, 93, Deahak-Ro, Nam-Gu, Ulsan 44610, and there is still a strong demand of wind power in alter-
South Korea native energy market, and even up to the total capacity of

2 Department of Mechanical Engineering, University of Ulsan, 1787 GW by 2030 with reduced LCOE along with improved
93, Deahak-Ro, Namgu, Ulsan 44610, South Korea technologies are expected [13]. Among total wind turbines,

3 Department of Mechatronics, Ho Chi Minh City University new installations of offshore wind turbines are continuously
(\)]fi ;izlrlrrllology and Education, Ho Chi Minh City 700000, growing as shown in Fig. 2 [14].
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A GROWTH IN CAPACITY
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Fig. 1 Growth in rotor size and capacity of offshore wind turbine [4]
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Fig.2 Historic development of new installations (onshore and off-
shore) [14]

The term offshore means something like "off the coast".
Offshore wind energy (OWE) system thus means the elec-
tricity production by wind turbine system either with fixed
or with floating substructure types in the ocean. The advan-
tages of OWE are that it can utilize the higher and steadier
wind resource at sea with reduced wind shear due to low
surface friction and no physical restriction like hills or arti-
ficial buildings [15]. Therefore, offshore wind farms can pro-
duce twice as much electricity as comparable wind plants
on land, therefore, it leads to a high level of reliability in
power generation [16]. Besides, since this is built at sea far
away from land, it could eliminate many restrictions such as
noise regulation, shadow flicker, and other society objections
[17]. Therefore, offshore wind energy can make a significant
contribution to the energy transition, i.e. when switching to
renewable energies and moving away from nuclear power
and fossil fuels.

OWT is categorized further into fixed OWT and floating
OWT depending on the substructure types. Fixed offshore
wind turbines can be installed normally up to 40 m with
current technologies with various types of substructures.
Due to installation limit up to 40 ~50 m water depth, how-
ever, these are not applicable to many Asian countries such
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as South Korea or Japan, and other countries with limited
shallow waters [18]. With development of innovative float-
ing structures, the concept of floating offshore wind turbine
(FOWT) was introduced and demonstrated first at North
Sea near Norway, called Hywind Project with 2.3 MW wind
turbine with a spar type floating foundation at 2009 [19].
After successful demonstration, many commercial floating
offshore wind farm and projects are either operating or under
development, therefore, the capacity potential of the FOWE
is expected to be around 5-30 GW by 2030 as a new way of
power generation [20, 21].

For a wind turbine to operate safely and produce energy
from wind efficiently, the control system is necessary to link
the operations of all the subsystems closely together. In early
days of wind energy system, control system is just a tool to
operate wind turbine sequentially. However, as the size of
a wind turbine system is getting larger as previously shown
in Fig. 1, control technologies become important to achieve
higher energy production under harsh environments with
better safety condition, and to reduce OPEX with less faulty
events and health monitoring system [22]. For example, the
system executes the operational sequence, monitor the status
of wind turbine system, enable the safety operation such as
parking brake, adjust blade pitch angle, and connect wind
turbine to grids. Control technologies for fixed offshore wind
turbine are similar to each other because wind turbine sys-
tem is fixed at the seabed through substructures.

Unlike to fixed offshore wind turbine, floating offshore
wind turbines (FOWTs) use floating substructures such as
barge type, TLP type, spar type, and semi-submersible type.
Because of the different buoyance principle of each type,
their stability and dynamic motion heavily rely on the ade-
quately designed control technologies in addition to the gen-
eral control concept adapted to fixed offshore wind energy
system [23]. For the realization of a successful floating off-
shore wind turbine operation, the consideration of proper
control technologies depending on the floating foundations
is imperative for the best performance and safety [24].

In this review paper, recent control technologies accord-
ing to various floating foundations will be discussed, which
is highly related to wind turbine power performance and effi-
ciency related to LCOE. Prior to main topic, a brief explana-
tion of floating offshore wind energy and traditional control
principle will be provided to readers.

2 Floating Offshore Wind Turbine (FOWT)
2.1 Components
Wind energy system generates electricity energy by

extracting kinetic energy from wind. The onshore hori-
zontal axis wind turbine generator (HAWT) traditionally
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Fig.3 A basic part of wind turbine generator [28]

(@ (b) (c) (d)

Fig.4 Foundations of bottom-fixed offshore WES [30]: a monopile;
b gravity based; ¢ tripod; d jacket

consists of three main components, rotor including hub,
nacelle system, and tower. Rotor component include single
or multiple composite blades, hub, and pitch drive system
(PDS), and nacelle system is composed of nacelle struc-
ture, drive train system (DTS) including low speed /high
speed shafts, gear box, generator, yaw drive system (YDS),
and other electronic equipment. Readers can refer to refer-
ences about the functions of components in detail [25-28].
Figure 3 illustrates a basic part of wind turbine generator.

In case of offshore wind turbine generators, traditional
onshore wind turbine system is connected to the bottom-
fixed substructures, which include monopile, jacket, grav-
ity-based, and tripod as shown in Fig. 4. Among them, the
monopoly-type is dominant with more than 80% market
share due to its low cost, easy installation, and improved

- . ' 1

Fig.5 Foundations of floating offshore WES [31]
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Fig.6 Multiple loading sources of FOWT [17]

manufacturing progress related to rolling more than 10 m
in diameter [29, 30].

Unlike to bottom-fixed offshore wind turbine, floating
offshore wind turbines (FOWTs) consist of different types
of floating foundation: Spar, Barge, TLP (Tension-Leg Plat-
form), and Semi-submergible type as shown in Fig. 5 [31].
Other components include cable system, substation if nec-
essary, and mooring system to secure the FOWT not to be
moved away from its designated installation zone.

2.2 Loading Sources

Contrary to onshore wind energy system, offshore wind
energy system either with a fixed-bottom type or with float-
ing type, is a complex aero-hydro-servo-elastic system. Its
multiple loading sources and interaction is shown in Fig. 6,
and unique loads for OWT, hydrodynamic forces, are also
schematically shown in Fig. 7 [17, 32-34].
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Fig.7 Hydrodynamic forces for OWT

The loads acting on an offshore wind turbine (OWT)
structure can be grouped into static and dynamic loads.
Static loads are mainly related to the self-weights of the
components. For example, the ice on the structure is the
case of static loads due to the environment. Dynamic loads
are related to the environment in the form of wind or water
interaction, and classified as aerodynamic and hydrody-
namic, respectively, which are the most challenging to
OWT according to Yu [35]. Moreover, Tempel added that for
OWTs, the assessment of environmental parameters is more
extensive than for land turbines [36]. On land, turbines can
be simply designed by classes prescribing the wind regime
and the required resilience of the turbine itself. However,
for OWTs, the winds are less turbulent but more formidable,
and also the offshore environment features other actions due
to the water waves and currents. This implies that engineers
designing an FOWTs face a more daunting challenge and
must fully understand the behavior and magnitude of the
dynamic loads before proceeding with the design [37, 38].
Other loads that affect offshore structures in general include
earthquakes, accidental loads, fire, and blast loading.

In other ways, multiple loading sources can also be
classified as external sources and internal sources. Exter-
nal sources include wind, waves, sea current, gravity, ice
on blades and sea, lightning, wake interaction with other
turbines, earthquakes, grid related issues, etc. On the other
hand, internal sources include rotating machinery, control

. Power

Emergency
Shut down

Normal Shut down

Vv,

cut-in

Fig.8 Control flow in wind energy system

system, power electronics, unexpected operational faults,
etc.

3 Traditional Control System for Onshore
and Bottom-Fixed Offshore Wind Energy
System

3.1 General Concept

A wind turbine control system comprises and ties several
sensors (for example, torque, speed, accelerometers, ane-
mometers, electrical power), actuators (for example, yaw
system, pitch system) and other elements [39]. This system
collects the input signals from the sensors and calculates
and sets the output signals for the actuators. The controller
is used to achieve the maximum power from wind, main-
tain safe operation of the turbine, reduce loads, and prevent
faults. Main control systems used for wind turbine system
are listed in Table 1.

3.2 Control Flow and Parameters
For precise performance control, sensor signal and measure-

ment data are important, and schematic control flow of the
wind turbine operating modes is shown in Fig. 8.

Table 1 Category of control

Control category
system

Corresponding system

Azimuth control

Rotor speed control

Blade angle control

Active power control
Reactive power control
Current and voltage control
Temperature control

Wind tracking system

Generator system

Pitch system

Converter/generator system (grid frequency support)
Converter/generator system (mains voltage support)
Converter system (field-oriented control)

Heating devices
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As shown in Fig. 8, the emergency shut down (or a quick
stop) can be executed in case of failures of critical system
based on the measurements (rotor speed, wind speed, cur-
rents, etc.), positioning (azimuth, pitch drive, etc.), com-
munication network data, or generally exceeding defined
threshold values. Similarly, performance reduction can be
executed in case of exceeding various threshold values,
which include speeds, measured forces, moments, vibration
amplitudes from tower, electrical quantities (voltages and
current from generator, grid or converter area), and thermal
values from nacelle, drive train, or electrical system. Table 2
lists the general data type for control and monitoring of a
wind turbine generator.

3.3 Control Strategy for Performance

Generally, the control objectives are dependent on the oper-
ating regions of the turbine which are related to the wind
speed. Five operating regions are shown in Fig. 9.

As shown in Fig. 9, in the entire wind speed range (above
a cut-in threshold), the WES is adjusted to the wind direc-
tion using the azimuth adjustment system (measured by the
nacelle anemometer). The adjustment is made discontinu-
ously at certain time intervals. In systems with power elec-
tronic converters, the DC link voltage control always sets the
steady state balance between generator and grid-side active
power consumption. The DC voltage of the DC link is stabi-
lized continuously. Below the nominal wind speed, the rotor
power is maximized by specifying the generator-side power
as a function of the rotor speed. Above the nominal wind
speed, the rotor speed is kept constant by the blade adjust-
ment systems with a constant generator torque. The blade
angle control (pitch control) usually works discontinuously
at certain time intervals. Details of each operation regions
are summarized in Table 3 [40].

Since electric power is produced from regions 2 to 3,
two main control strategies, maximum power point track-
ing (MPPT) control for region 2 and blade pitch control for
region 3, will be discussed in detail.

Table 2 General data type and source for control and monitoring

285
Cut-in Rated Cut-out
Wind speed Wind speed Wind speed
Constant
rotor speed
L > Rated power
2
8+ ) Pitch control
é No Max imum Mode No
< | generation| POV generation
217 tracking
] Mode
e}
4
Region 1 Region 2 25 Region 3 Region 4

Wind speed [m/s]

Fig.9 Operational regions of the wind turbine based on wind speed

3.3.1 MPPT (Maximum Power Point Tracking) Control
in Region 2

In region 2, the objective is to yield maximum power pro-
duction via MPPT based controller such as generator torque
control or speed control. Several researchers give the com-
pleted review for various control algorithms based MPPT as
in [41-44]. In this region, the pitch angle should be kept at
a constant optimal value (i.e. 0 degree) which can help the
turbine to absorb all possible power from the wind.
The wind turbine captured power is calculated as:
1

Py= 5G4 P AV (1)
where p is the air density, A is the swept area of the rotor
(m?), v,, is the wind speed (m/s) and C, is power capture
coefficient which is a function of tip speed ratio 4 and pitch

angle f as [45, 46]:

C S
C,(4,p) = Cl(f -G —Cye’ + Cgh;

1

()]

with

Type Source

Temperatures

Acceleration

Mechanical loads

General Speeds, location, position, directions
Transmission/hydraulic status data

Basic electrical quantities

General condition data

Bearings, oil, air, converter, generator, transformer, auxiliary drives, etc.

Tower, nacelle, etc.

Material strains—Dblades, tower, mechanical drive train, etc.

Rotor, blades, wind, generator, nacelle, etc.

Oil status—water/particle content, fill levels, pressure, etc.

Currents, voltages in the generator, converter, mains and auxiliary drives, control, etc.

Ice formation, moisture, condensation, filter contamination, vibrations, noise, feather

mouse detector, aircraft approach, etc.
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Table 3 Basic control strategy at each operational region

Region Description
1 Region 1 has the wind speed lower than the limit required for the turbine to rotate and there is no power production, the turbine should
be kept idle
2 Once the wind speed exceeds, the rotor starts to rotate and enters region 2 which is bounded between cut-in and just below the rated
wind speed. In this region, the power of the wind increases progressively as the wind speed increases. Turbine torque and speed
control based MPPT are required to maximize output power. Pitch angle should be kept at an optimal value
2.5 To obtain a smooth transition from Region 2 to Region 3, closed loop torque control is used to achieve constant rotor speed, where the
blade pitch angle is fixed
3 Region 3 is placed between the rated and the cut-out wind speeds, the output power of the turbine must be limited to the rated value.
The pitch angle needs to be controlled to maintain the rated generator power to limit the generator speed and mechanical loads
4 The wind turbine must have a mechanical brake to switch off due to high wind gusts
05 T :
// S
045 / =0°\ 8
1 3 04 //' “b\\ 1
P,==p- Cp(/l, /)] -Avw 3) [N
2 035 . X 1
‘/ ’ 'B — 50
03[ 1
l _ 1 _ 0.035 4 /[
4 A+0088 P +1 @ cp oz [ [ B=10° |
02f / \ 1
where the coefficients C; ~C¢ are different for different ,6{:175\"’\
rotors, i.e. for a particular NREL 5 MW wind turbine rotor 0151 // B \\ 1
the coefficients are: C;=0.5176, C,=116, C;=04, C,=5, 01f /C"VY,B ~20° \\ \ .
Cs=21 and C4;=0.0068 [45, 46]. The tip speed ratio of the oosh // /4 X |
wind turbine 4 is as following: /,;,,/ \ \
R 8 TSR 4 °
A== (5)

w

where R is the rotor radius (m), o, is the rotor angular veloc-
ity (rad/s).

According to the wind speed, there exists a specific
rotor speed o, that extracts maximum power (optimal tip
speed ratio A,,) as shown in Fig. 10 [45, 46]. The gen-
erator torque must be adjusted to accelerate or decelerate
the turbine rotor by the controller to obtain the optimum
power coefficient C,, ,,, at A,

Tip speed ratio (TSR) based MPPT controller keeps the
ratio between the speed of the tip of the blade and wind
speed to an optimum value. TSR based MPPT requires the
feedback of the rotor speed to adjust it to the desired value.
Figure 11 shows the diagram of the TSR based MPPT.
This method is efficient with a fast response. It is sim-
ple but it requires the knowledge of the wind speed via
anemometers which are very sensitive due to downwind
wake. Some control algorithm can be applied to reduce the
error between the rotor speed and its optimal value, such
as adaptive fuzzy sliding mode controller AFSMC [45,
46], Proportional-integral PI controller [47], Proportional-
integral-derivative PID controller [48, 49], adaptive neuro-
fuzzy inference system ANFIS [50].

@ Springer KE;E

Fig. 10 Power coefficient related to TSR and pitch angle [45, 46]

w ], wm'f’f
> Controller

Fig. 11 TSR based MPPT control diagram. Reproduced with permis-
sion from [42]. Copyright 2016, Elsevier

Optimal torque (OT) based MPPT adjusts the generator
torque to the desired torque of maximum power. The optimal
torque can be calculated as:

2

Toops = Kopi®, (6)
1 35 Cp.opt

Kopt = zan JEN (7
opt

where K, is constant from the aerodynamic characteristics
of each WT, w, is rotor speed, p is the air density, R is the
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Fig. 12 OT based MPPT control diagram. Reproduced with permis-
sion from [42]. Copyright 2016, Elsevier

rotor radius, C,, ,, is the optimum power coefficient and A,
is optimal tip speed ratio.

Wind speed information is not required in this method.
However, it requires the mechanical parameters of the tur-
bine which are difficult to obtain for individual WT. Further-
more, the OT curve will change over time after the opera-
tion. Figure 12 shows the diagram of the OT based MPPT.
The controllers only require the shaft speed input, which is
easy to obtain using speed sensors. Some researchers applied
control algorithms to increase the accuracy of the control
system such as PI [51-53], H_, loop shaping [54], fuzzy
integral sliding mode [55], fuzzy logic control [56], adap-
tive integral sliding mode with a recurrent neural network to
identify the uncertain wind turbine dynamics [57].

3.3.2 Blade pitch control in region 3

In region 3, the pitch angle needs to be systematically
manipulated to maintain the rated generator power. The
goals of pitch control are to save the turbine from overload
resulted from the sudden wind gust, maximize the generated
power under normal operation [44, 58]. There are two types
of pitch control system actuators which are electrotechni-
cal pitch actuator and hydraulic pitch actuator [59, 60]. The
pitch control turns the blades around their axes to increase
or decrease the relative wind flow and to avoid aerodynamic
overloads on the rotor while keeping the rated power. Fig-
ure 13 shows the structures of pitch angle control strategies
according to three different input signals. In Fig. 13a, the
pitch angle—wind speed curve is applied to obtain the pitch
angle reference for specific wind speed. This is the simplest
control strategy but not an appropriate one since it is dif-
ficult to precisely measure the wind speed. In Fig. 13b, the
generator speed reference is compared to its measured value.
The controller receives the error to produce the pitch angle
reference. In Fig. 13c, the generator power—the generator
power reference is compared to its measured value. The con-
troller receives the error to produce the pitch angle reference.
Usually, an adaptive/tuning concept is added to this type due

By

/ Pitch trol
—| B-Owecurve ! zysiz:'\ ro WT
B

(a) Wind speed input

error By

(omwime
Controller
(Ummi ﬁ

(b) Generator speed input

Pitch control
system

[

Adaptive/
Tuning
P error l By A :
meastire Controller Pitch control WT &
% system generator
Ijmtfd

(c) Generator power input

Fig. 13 Blade pitch angle control strategies based on input signals
Reproduced with permission from [44]. a Windspeed input, b genera-
tor speed input, ¢ generator power input. Copyright 2016, Elsevier

to the very small sensitivity of aerodynamic torque to pitch
angle. Hence, it requires a larger gain at high wind speeds.

PI controller [61-66] or PID controller [67, 68] is usu-
ally used since they are simple and robust. Other methods
based on adaptive concepts to compensate for the uncertain-
ties or disturbance as in [69-73]. The combination often
includes sliding mode control [69—71, 73-75], back-stepping
technique [70, 72], fuzzy logic control [69, 71, 75, 76] to
enhance the control performance. Neural network can also
be used for the predictive problem of the pitch angle [77].

The collective pitch control (CPC) and individual pitch
control (IPC) are widely used blade pitch control schemes,
where CPC technique means that the pitch commanded
value is the same for all blades, and individual pitch control
(IPC) has the specific goal of load reduction where the pitch
angle reference values are different on each blade [63, 64,
66, 76, 78]. In the following section, current control tech-
nologies researched for FOWT to stabilize the motion while
maximizing power performance are reviewed which include
CPC, IPC, and hybrid IPC-CPC strategy.

4 Advanced Control Technologies
for Floating Offshore Wind Turbines
(FOWT) with Various Substructure Types

Implementing control algorithms for the FOWT is more
complicated than land-based wind turbines not only due to
the influences from multiple loading as previously shown in
Fig. 6 in section, but also due to the stabilization method as
shown in Fig. 14 [79].
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Principal Floating Wind Turbine Concepts

A, 2

Ballast Stabilized
“Spar-buoy”
with catenary mooring
drag embedded anchors

Mooring Line Stabilized §
Tension Leg Platform with
suction pile anchors

Buoyancy Stabilized
“Barge” with catenary
mooring lines

Fig. 14 Stability approach for various substructures of a FOWT [79]

In this section, control technologies developed specifi-
cally for four different substructure types of FOWT will be
explained in detail.

4.1 Control for FOWT with Barge Type (B-FOWT)

The configuration of FOWT with barge type (B-FOWT) was
shown in Fig. 14. This structure is erected with a waterplane
stabilized platform and constrained by mooring wires.

Investigated operation under high wind speed and aimed
to regulate the pitch and generator torque, Bagherieh et al.
[80] studied and verified their suggested algorithm on the
model of 5-MW B-FOWT with the use of FAST model. For
simplicity, the author systematically linearized the dynam-
ics model with a linear parameter-varying (LPV) method.
Subsequently, an output state feedback based on linear
quadratic regulator (LQR) gain-scheduling (GS) and LPV-
GS are preferred to examine and compare with traditional
gain-scheduling (GS), gain-scheduling-proportional-integral
(GSPI) controller, and fixed LQR controller. The general
block diagram of this controller is sketched in Fig. 15 in
which Qg and Qg_ref are actual generator speed and refer-
ence speed, respectively; feq is equivalent blade pitch angle,
Tg_eq is generator torque equivalent, xeq is state equivalent,
and ud denotes disturbance. For the power regulation, the
LQR-GS returned the best performance while the LPV-GS
exported a significant reduction of platform pitching. The
power regulation under LPV-GS control could be improved
with suitable tuned weighting factors which can be figured
from the paper results.

The idea for using the individual blade pitch control (IPC)
is that each blade is adjusted separately to keep the platform
balance. In particularly, when the platform rotates forward,
the blade at the top-half section of the rotor hub is con-
trolled to increase the thrust action and the other two bot-
tom blades are controlled to reduce the thrust. These actions
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Fig. 15 Control algorithm based on state feedback and output feed-
back methods. Reproduced with permission from [80]. Copyright
2015, Springer Nature

yield a lowest change in rotor thrust and store backward
pitching moment; thus, lowering the pitching movement of
the platform.

The first applied IPC on the B-FOWT is referred to
[81-84]. Namik et al. derived the comprehensive model
and considered multi objectives by conducting an advanced
state-space (SS) feedback control. In this contribution,
the author clarified several configurations for developing
advanced control methodologies over the baseline control
like Multi—Input—-Multi—-Output (MIMO) state-space feed-
back control (SFC). This MIMO controller was suitable for
IPC since each blade pitch is differently adjusted. Three
controllers including (1) baseline collective pitch control
(CPC)-PI, (2) SS-CPC based decentralized control, and (3)
SS-IPC were introduced to investigate the system behav-
ior. The block control diagram is shown in Fig. 16. The
setpoints for the generator torque was changeable in com-
parison with previous publication with a fixed value. The
simulation took a comparison between the three controllers
to verify how much system improvement could be achieved
on the B-FOWT under the condition of high wind speed.
The simulation was implemented by using FAST model and
MATLAB/Simulink program. The results indicated that the

speed filter

1.5708 W_HSS

18708 extract HSS speed
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Wind and Wave
$—P OutData
Rotor Speed

Pitch (d
) Platform Pitch

Pitchin
Power
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FAST Nonlinear Wind Turbine

T9 Torque

T

General Overview

Tadeg Pitch Controller

Pitch (deg) Tgen

Fig. 16 IPC-based State feedback control [81-85]. Copyright 2018,
American Institute of Aeronautics and Astronautics, Inc., with per-
mission
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IPC could improve up to 33% power performance and the
CPC-SFC could improve up to 44%. However, the platform
rolling and pitching velocity could be suppressed approxi-
mately 39% and 43% under the IPC, respectively, and 10%
and 13% under controlled by the SS-CPC.

4.2 Control for FOWT with TLP type (T-FOWT)

The TLP (tension-leg platform) structure is constructed by
a floating buoy and stabilized by tensioned wires in verti-
cal which are connected to the seabed as shown in Fig. 14.
These tendons are required to withstand high tension due to
structure buoyancy.

In this type of FOWT, the first approach employing
advanced control was reported by Betti [85]. The author
proposed using a robust Hoo controller with the use of a
light detector and ranging (LIDAR) to establish a stable
response of the simplified 2-D TLP model at the rated speed.
Besides, the author formulated and investigated a simplified
2-D model which could mimic the same dynamics of the
3-D model instead. However, the simplified model, which
shortened the dynamics of wind and wave, might result in
an unexpected problem. Reasonably, the optimal robust Hoo
controller was selected for stability warranted. The control-
ler scheme is illustrated in Fig. 17, where a is the tower
pitch angle compared with the vertical axis, B is blade pitch
angle (BPA), oR is the rotor speed, and TE is the generator
output torque.

To verify the proposed solution, a simulation on both
simplified 2-D model and FAST model under wind speed
variations (12 ~25 m/s) was carried out. From the simulated
test, the simplified model could be used as replacement the
dynamic of the FAST model in general. Better speed perfor-
mance was exhibited under the robust Hoo controller; how-
ever, oscillations of both generator power and BPA change
rate were increased in comparison with that of the baseline
GSPL

Improved from the previous work [86], Madsen et al. [87]
investigated the quality of tension leg platform (TLP) under
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Fig. 17 Block diagram of the Hoo controller. Reproduced with per-
mission from [85]. Copyright 2014, IEEE

PI control not only for region 2 but also for region 3. The
control strategy satisfied two requirements as (1) not excite
the natural frequency of the system to avoid the resonance
and (2) handle the "negative damping" behavior due to the
relation between the CPC and structure dynamics at low-
frequency mode. Therefore, the author considered two strat-
egies corresponding to two working conditions as sketched
in Fig. 18.

The first approach of the IPC on the TLP was reported
in [88] by Namik. In this work, the author validated quali-
ties of the 5-MW TLP under a disturbance accommodating
controller (DAC) which was exploited to handle the wind
disturbance. The DAC was exploited to mitigate the influ-
ence of perturbation in wind speed. In his contribution, three
modified DAC algorithms were introduced and compared
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Fig. 18 Control strategy in: a region 2 with partial load and b region
3 with full load. Reproduced with permission from [87]. Copyright
2020, Elsevier
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with the baseline GSPI controller proposed by Jonkman.
By exploiting the DAC to reject the wind perturbation, the
rotor speed regulation achieved an improvement of 73%
and power performance achieved an improvement of 47%
in comparison with that of baseline GSPI control; however,
the blade fatigue loads were increased as discussed in previ-
ous works [81-86].

Inherited advantages from preliminary studies, in [89],
the authors presented completely simulations of physi-
cal interactions and control strategies on both TLP and
B-FOWT. Three controllers were selected for verifications.
The first controller was the decentralized robust baseline
control, the second one was SS-IPC, and the last one was the
DAC to reject the influence of wind disturbance as shown
in Fig. 19. In this figure, y is output, x is actual system state,
u’? and x°7 denote optimal control signal and optimal state,
respectively; Z is an estimated disturbance waveform state
vector. A NR> ENR, Kygr. Eygare matrices for calculating esti-
mated disturbance, and X is an entity X transformed to the
non-rotating frame of reference. T, (y), T.(y), and T, (y) are
transformation matrices. More detail of control methodolo-
gies for further developing is presented in this material. The
numerical simulation was run by using a FAST model and
MATLAB/Simulink program under evaluative criteria such
as fatigue loads, generator power and rotor speed error root
mean square. The IEC-61400-3 standard for the offshore
wind turbines was considered for varying wind-wave condi-
tions. Criteria relating fatigue damage equivalent load, gen-
erator power and rotor speed error root mean square (RMS)
and RMS of platform change rate RMS were provided for
evaluations.

The simulated results indicated that the advanced control-
ler could improve the system performance over the baseline
control. Although the DAC extracted significant reductions
of loads and platform movement on the TLP, this technique
had less effect on the B-FOWT. A reason was this type of
FOWT got strongly influenced by wave disturbances (3

Controller

Fig. 19 Configuration of DAC algorithm. Reproduced with permis-
sion from [89]. Copyright 2011, Elsevier
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times) rather than wind flows whereas the DAC was utilized
for wind perturbation rejection. Even though, the fore-aft,
side-side loads and platform behavior (rolling, pitching, and
yawing) of the B-FOWT could be noticeably reduced when
applying the IPC-SFC in comparison with that of the base-
line. To the end, in comparison with the baseline GSPI, the
SFC can achieve better performance in most indices of plat-
form performances and fatigue loads. Among the state-space
method, the IPC-SFC was suitable for the B-FOWT while
better performance could be achieved by applying DAC on
the TLP.

Took advantages of both CPC and IPC, the first configu-
ration of CPC-IPC for the FOWT was reported by Zhang
et al. in [90]. As aforementioned, the author aimed to employ
the IPC-based trailing edge flap (TEF) technique to impair
the fatigue DELs exerted on the blade and improve the gen-
erator speed by CPC. Meanwhile, the CPC accepted the gen-
erator speed, or power as similar, as the input and exported
the collective blade pitch (CBP) @ as the control signal to
manipulate the generator output, the IPC assigned a flap-
wise root moment (FWRM) supposed to be measured of
each blade and azimuth angle ¢ as inputs for designing the
control algorithm. The Coleman transformation was utilized
to transform coordinate between the FWRM coordinate to
the fixed coordinate of the tower, vice versa, for calculating
the TEF angle ¢. These commanded parameters helped to
reduce the influences of fatigue DELs induced from flap-
wise and edge-wise vibration on the blade. The simulated
results under different conditions shown that the FWRM
could be noticeably attenuated. Then based on this con-
struction, the author continuously developed his algorithm
with speed and torque regulations to enhance the quality
of the generator output as displayed in Fig. 20 [91]. In this
research, the author applied the CPC-IPC on the 5-MW
NREL TLP-FOWT and considered the system performance
under Normal Turbulence Mode (NTM) and Normal Sea
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Fig.20 Combination of CPC and IPC on the FOWT. Reproduced
with permission from [91]. Copyright 2019, Elsevier
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State (NSS) conditions. The comparative results indicated
that all considered indices, especially the platform fore-aft
motions in pitching and yawing, were improved in compari-
son with that of conventional controllers without considering
TEF. Better performance obtained under flap control rather
than the one without flap proved feasible potentials of the
technique in realistic applications.

4.3 Control for FOWT with Spar Type (S-FOWT)

This type of FOWT is configured with a long vertical pillar
in which the upper part is lighter, and the bottom is much
heavier to exhibit a low center of gravity. This allows the
structure to get more stable due to less getting affected from
wave excitation. Different from the TLP or B-FOWT whose
natural frequency is about 0.6 rad/s or 0.1 Hz, the S-FOWT
has the lowest natural frequency (approximately 0.21 rad/s
or 0.03 Hz), much lower than TLP and B-FOWT. The wave
surge motion exerts up to 68% the platform pitch peak reso-
nant frequency. Therefore, it is necessary to carefully con-
sider these issues when designing control methodologies.
In [92], Larsen et al. investigated the dynamics of
S-FOWT to design a suitable control strategy. The author
firstly expressed the importance of the controller natural
frequency over the system natural frequency. Here, three
modes of low frequency were briefly introduced to avoid
structure vibration. Additionally, the negative damping due
to decreased thrust force as increasing value at above rated
wind speed was figured out. Therefore, a controller that
could adopt the system operation in three regions: variable
optimal speed control for maximizing power at low wind
speed (region 2), constant speed in near rated wind speed
(region 2.5), and constant torque regulation to minimize
powertrain loads at above rated wind speed (region 3) was
designed. In region 2.5, the constant speed was set as the
objective for the controller and the power linearly increased
with respect to the wind speed. With the aim of achieving
constant output generator torque in region 3, an active blade
pitch angle (BPA) control is satisfied such that the measured
BPA is regulated to a reference BPA. The BPA reference is
calculated from the error of generator speed and its rated
speed. Also this value is limited by upper and lower val-
ues that are determined based on wind speed and maximum
value (90 degree). Same for the generator torque, the gen-
erator output torque is hold at the upper limitation (can be
considered as rated value) in case of operation in region 3,
and lower limitation in case of operation in region 2. The
schematic diagram of this control was sketched in Fig. 21.
Based on the idea of power regulation and considera-
tion of very high turbulent wind speed conditions, Ma et al.
[93] investigated influence of the typhoon on the 5 MW
OC3-Hywind Spar FOWT. To cope with this situation, the
author constructed the cascaded control for power and speed
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Fig.22 CPC based on a cascaded control scheme. Reproduced with
permission from [93]. Copyright 2017, Elsevier

manipulation as shown in Fig. 22. The GSPI was inherited
for designing control algorithms. Additionally, to effectively
design the control strategy and total system operation, effect
of wave height was considered. For the typhoon environ-
ment, the author used a source from the typhoon “Dam-
rey” by YOUNGO5106L anemometer and 1 Hz frequency
to export data for the wind profile. The value of wind speed
was spread out in the interval of 11.4 to 25 m/s.

Fischer et al. [94] noticed the problem of non-minimum
phase zeros (NMPZ). This problem appeared when a numer-
ator of a transfer function between the generator speed and
BPA returned a pair of roots lying on the half-right plane
along with the natural frequency of the actuator when it
reaches to a value near the system natural frequency (NF).
Therefore, to cancel out this term and avoid the NMPZ, the
nacelle velocity should be feedback to the controller. Moreo-
ver, the author introduced a switching function to shift the
suitable controller for each region of operation as safety con-
dition. The simulation indicated that the bandwidth of the
closed-loop system could be increased by NMPZ compen-
sator strategy and the stability of the system was enhanced
with less overshoot.

From the ideal of feedback nacelle velocity for stabiliza-
tion, Wakui et al. [95] considered the multi-variables feed-
back control and platform pitch angle to the output perfor-
mance of the S-FOWT as shown in Fig. 23. Two feedback
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loops including the baseline GSPI for a generator power con-
trol and a nacelle fore-aft speed control for generator torque
regulation to stabilize the system were treated. Three con-
trollers including baseline PI, MIMO control without a filter,
and MIMO control with the filter (MIMO-F) were examined
on the FAST model. Results indicated that the MIMO-F
exhibited the least rotor speed, BPA, generator power fluc-
tuation as well as reduced the platform pitch motion due to
nacelle state feedback. However, higher fluctuated genera-
tor torque was extracted as the trade-off because the author
considered the generator torque as a control input of the
nacelle regulation.

Motivated from influences of different working regions
(both regions 2 and 3), Oh et al. [96] investigated the sys-
tem operation of the S-FOWT under different conditions
of varying wind speed regions. Based on characteristics of
high and low-frequency control, the author proposed a novel
CPC which took advantages of both high control frequency
pitch control (HPC) and low control frequency pitch con-
trol (LPC) as shown in Fig. 24 where Q;ef and Q, denote
the reference and measured generator speed, respectively. In
addition, a tower acceleration feedback Control (TFC) and
tower angular acceleration feedback control (TAFC) were
introduced to increase the system damping. To verify the
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proposed algorithm, the simulation was implemented on the
model of DNV-GL Bladed under the value of wind speed
ranged from 13 to 25 m/s. Three different values of LPC
frequency (0.1 rad/s, 0.15 rad/s, and 0.2 rad/s) and two dif-
ferent values of HPC (0.5 rad/s and 1 rad/s) were selected for
investigating the platform dynamics. Regarding the simula-
tion, when the wind speed was lower than 18 m/s, the LPC
was considered with frequency of 0.2 rad/s; otherwise, the
HPC was considered with the frequency of at least equal or
higher 0.5 rad/s. The simulation confirmed that the blade and
nacelle oscillation were significantly reduced by the tower
damper, the bending moment of the tower was also reduced
but less affected by the tower damper. The output power
was slightly reduced as a result of increasing damper due to
reducing the control frequency in pitch manipulated action.

Focused on deriving and investigating system dynamics,
Zhu et al. [97] provided detailed descriptions about dynam-
ics of the FOWT spar type. Then to consider the stable
operation under high wind speed, the author constructed
the control algorithm based on the conventional PI control
with an anti-windup consideration. This consideration was
to keep the action of the BPA from unexpected oscillations.
Then the control algorithm was modified with added term
Ks as illustrated in Fig. 25.

Same idea of using GS adaptive control, Yuan et al. [98]
developed the methodology with the Disturbance Accom-
modating Control (DAC) to deal with disturbances induced
from varying wind speed. Additionally, to handle other
obstacles such as incompletely known system parameters,
nonlinearities and uncertainties, the online parameter iden-
tification-based model reference adaptive control (MRAC)
was employed along with the DAC along with DAC as
shown in Fig. 26. The proposed methodology was com-
pared with the baseline control under turbulent wind speed
by simulation on 5-MW FAST model. The simulation results
revealed that the MRAC-DAC and the DAC had quite the
same response and could achieve better performances over
the baseline controller. The results displayed that both DAC
and MRAC-DAC could decrease the blade flapwise DELSs up
to 20% over GSPI and the MRAC-DAC could exhibit more
stable performance such as speed and power regulation than
that of DAC under the presence of uncertainties. The GSPI
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Fig.25 Control algorithm with anti-wind up. Reproduced with per-
mission from [97]. Copyright 2019, Elsevier
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was only able to return the best performance in ideal cases
when uncertainties were neglected.

The first IPC approach on the S-FOWT was reported in
[99] by Namik et al. From the complete results acquisition
on TLP and B-FOWT, the author investigated the S-FOWT
response with the use of the DAC-based full state feedback
control (FSFC) to observe and suppress the wind perturba-
tion as displayed in Fig. 27. Besides, the degree-of-freedom
(DOF) of surge motion was included. Excluding the surge-
DOF out of the design when designing the SFC based on the
linearized model could yield uncorrected frequency of the
closed-loop system in regulating the blade pitch actuator.
The detail about the influence of the certain number of DOF
on the linearized SS was clearly discussed in this approach.

Fig.27 Control strategy on the S-FOWT with DAC. Reproduced
with permission from [99]. Copyright 2014, IEEE

The simulated results between the DAC and SFC over the
baseline shown that the DAC could return better rotor speed
performance while the SFC could result in more reduction
of tower fatigue loads.

According to properties of the model predictive control
(MPC) in predictability, Chaaban et al. [100] employed the
MPC to cope with existing problems of fatigue load and
platform pitching behavior arising from rotor speed con-
trol. The MPC block diagram is described in Fig. 28. In
this configuration, the tower DEL, the platform pitching,
and the generator power were assigned as inputs for con-
figuring the MPC. To verify effectiveness of the proposed
algorithm, numerical simulations was verified on the 5-MW
NREL S-FOWT model under high wind speed of 18 m/s.
The simulation results indicated that the use of MPC could
exhibit better performance. Moreover, the MPC was capable
of dealing with conflicts between speed and torque regula-
tions in usual controllers and issue relating actuator satura-
tion and its change rate.

In [101], Raach et al. employed the IPC-based nonlinear
MPC (NMPC) to mitigate the blade fatigue loads. The idea
of using the NMPC relied on its advantages of including all
considerable constraints and predicting future behaviors to
optimize input command. The effectiveness of the NMPC
was verified by comparative simulations with baseline con-
trol (BC) and extended baseline IPC (BIPC). The simula-
tions was implemented under the scenario of turbulent wind
speed. The control objective were to reduce the blade pitch
fatigue loads and regulate the rotor speed at a constant rated
value. The generator torque was fixed at constant value under
the BC and BIPC. Totally, the steady output generator power
was indirectly obtained via speed regulation. The simula-
tion was initialized at an operation point to avoid transient
responses. From the simulated results, the NMPC returned
the best qualities in most evaluated indices and significant
reduction of the fatigue loads.
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Fig. 28 Control algorithm based on MPC technique [100]
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In the trend of studying and developing more effective
algorithms for the FOWT, Yang et al. [102] proposed a novel
method for IPC which employed the DAC integrated with
MPC to reduce loads induced from wind-wave disturbances
and to regulate the blade pitch actuation to follow the desired
trajectory determined from an undisturbed reference base-
line control 5-MW S-FOWT model formulated by Jonkman.
For effective integration, the FLC was designed to associate
the DAC and MPC and update gains as shown in Fig. 29.
From the comparative simulation between CPC and IPC on
the FAST model, the proposed control could export better
robustness under turbulent wind and wave interactions rather
than conventional CPC in most evaluated indices.

Taking advantages of state feedback control (SFC),
Sarkar et al. [103] proposed the idea of integrating a linear-
quadratic (LQ) control with an integrated controller (LQ-I)
to improve the generator output and spar-platform dynamics
as shown in Fig. 30. The LQ control could help to improve
the platform fore-aft motions (tower fore-aft and platform
pitching movement) and reduce the 1P fluctuation on the
blade. The rotor speed regulation was utilized by the integral
controller. To prove the reliability of the proposed algorithm
(LQ-I: Linear-quadratic with Integral control) in comparison
with that of baseline and conventional IPC, numerical simu-
lations on the 5 MW OC3 Hywind S-FOWT under steady
wind without waves and different wind-waves interaction
were implemented. The simulated results certified that the
proposed LQ-I returned a better fatigue DEL reduction
than SFC and DAC in [93]. Also, the output power regula-
tion was better than DAC and SFC method even when the
DAC and SFC employed constant power control, not from
IPC, to achieve the steady output power. Moreover, another
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Fig.29 Schematic diagram of the Fuzzy-DAC-MRAC algorithm.
Reproduced with permission from [102]. Copyright 2014, Hindawi
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comparison between the proposed LQ-I and a Nonlinear
MPC in [101] also exported that better performance could
be obtained from the proposed algorithm.

As comparison with the previous works, the integration
of the SFC and one more component (like integral block
in [103] to compensate the accumulated error) can exhibit
the best performance in which most remained problems are
tackled.

4.4 Control for FOWT with Semi-submersible Type
(SS-FOWT)

A semi-submersible substructure is a semi-water plane sta-
bilized floating buoy. The floating buoy is configured in tri-
angular frame as shown in Fig. 31.

Despite being initialized long time ago, most works on
this structure, up to now, were mainly focused on analyzing

Fig.31 Configuration of semi-submersible FOWT
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and optimizing its structure and completing its coupled
dynamics. Not many researches on this structure which con-
sidered control strategies were reported.

Yu et al. [104] first experimented a SS-FOWT test bench
with CPC based GS to investigate effects of control algo-
rithm to the system performance. The control structure was
based on the baseline GSPI. The experiment was setup on
the 1:60 scaled DTU 10 MW test bench model under influ-
ences of irregular wave and regular wave.

Taking consideration of the global performance, Goupee
et al. examined the effects of the CPC and a power manipula-
tion to the system dynamics under different control strategies
[105]. The four considerable controllers including variable
speed (VS) control, constant speed control CS25, CS100
and the baseline FF (fixed rotor speed fixed pitch angle)
algorithm were selected and applied on the DeepCwind-
OC5 semi-submersible FOWT in MARIN’s offshore basin
laboratory. From the comparative results, the baseline FF
manipulated the largest generator torque variation. The
VS exported the best performance with the least fluctuated
torque; however, the speed regulation under the VS control
got the largest fluctuation whereas the other three controllers
showed the mostly constant speed performance. Between the
C25 and C100, the C100 with larger gains could ensure a
significant reduction of platform surge behavior but extract
larger tower pitch motion conversely. In the contrary, the
C25 could gain a larger interval of pitch actuation due to
slow response in blade pitch mechanism. In general, the VS
returned the best global performance, then the C100, and
the C25.

Studied about the SS-FOWT, Kim et al. [106] realized
influences of designing CPC parameters on performances
of the 5-MW OC4 SS-FOWT and 3-MW KRISO multi-unit
FOWT (MUFOWT) with the use of the FAST-CHARM3D.
To complete the examination, the author applied a controller
as shown in Fig. 32 on the two models and investigated the
effects of selecting CPC natural frequency and CPC damp-
ing ratio (DR) to output under different scenarios.

From the comparative simulation, the author stated that
the best generator power action could be established while
the value of the CPC damping ratio was 0.6-0.7. The design
of CPC natural frequency was important to achieve good
output performance. Better performance could be estab-
lished with a suitable value of CPCNF against the platform
pitch NF, and poor performance was exhibited with unsuit-
able value, conversely.

In [107], Lemmer et al. clarified not only a trade-off
between the speed regulation and structure global per-
formance but also discussed an issue of the so-called
inverse-response. This issue occurred when the zeros of
the transfer function between the blade rotor speed and
pitch actuator were on the right-half plane. This indicated
that the frequency of zeros matched with fore-aft modes
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natural frequency. Therefore, the author proposed a robust
in which the control gains were carefully considered to
handle the trade-off between generator speed and system
response as shown in Fig. 33.

Two control configurations were presented
as single—input-single—output (SISO) and
multi—input-multi—output (MIMO) controllers. For multi-
ple variable systems, multi-SISO based on a decentralized
method was designed. The MIMO strategy was designed
based on several previous approaches. Hence, the "tai-
lored coupled control-oriented model" was proposed to
obtain the GSPI based SISO control scheme. Instead of
using a standalone generator speed parameter, the azimuth
angle was added into the controller design as described
in Eq. (8).

k,(B) k,(B)
Afp=—Aw+ - T'A(p @

lgear lgear i

where k,(¢) and k,(0)/T; denote the proportional and inte-
gral gains, Ag is the azimuth angle error, Aw is the generator
speed error effort, and i, is the transmission ratio, f§ is the
blade pitch angle.

Numerical results indicated that the robust gains for GSPI
with the so-called tailored coupled control-oriented could
tackle existing problems. Besides, the comparison between
the proposed method-based standard SISO framework to the
conventional baseline and MIMO LQR was carried out to

gear
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highlight its advantages in achieving more robust and tack-
ling all FAST dynamics uncertainties.

Considered a wind farm, Han et al. [108] aimed to opti-
mize the output power and reduce the wake effect by con-
sidering not only blade pitch angle, but also platform ori-
entation and position. The cascaded control was suggested
and applied to one sampled floated as displayed in Fig. 34.
First, the power requested, and position target were pre-
determined based on the local demand and information of
wind-waves interaction. Then the current position was con-
trolled to a target (P, throughout position control with an
orientation variable y, and actual power was manipulated to
the power requested by power regulation. The commanded
pitch angle was a production of the position control and
stabilizing control. The simulation on the OC4-DeepCwind
semi-submersible FOWT under the presence of disturbance
was given with comparisons between a linear-quadratic inte-
grator (LQI) controller based on state feedback, PID control
and open-loop response. The simulated results confirmed
that the proposed LQI could guarantee the best system sta-
bility against the influence of the environment (wind and
wave disturbance).

5 Conclusions and Future Work

Though there was a rapid growth of wind energy, especially
at onshore, during last decades, many countries are facing
the limitation of wind turbine expansion because of the geo-
logical restriction and social objections mainly caused from
the noise. As an alternative choice and the idea in the view
of exploration of vast ocean with unlimited wind resource,
the offshore wind turbines were getting many attentions and
led to continuous growth with innovative technology. As
the size and capacity of wind turbines are getting bigger
mostly for raising economic scale related to the reduction of
LCOQOE, the advanced control technologies have been attract-
ing more attention for the performance improvement and the
efficient integration of wind turbine system. Moreover, for
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Fig.34 Multi-objective control algorithm for SS-FOWT. Reprinted
with permission from [108]. Copyright 2020, Elsevier
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floating offshore wind turbine (FOWT), the adequate selec-
tion of control technologies becomes more important not
only because of the high reliable energy production, but also
because of the motion stability.

Generally, there are two main control strategies: (1) col-
lective blade pitch control (CPC), and (2) individual blade
pitch control (IPC) in designing of control schemes for the
FOWT. According to characteristics of each type of control,
the CPC can achieve good performance in rotor or generator
speed, and power regulation, but facing with other problems
of torque variation and platform qualification. On the con-
trary, the IPC can deal with the torque variation due to its
control strategy, and improve platform qualification (rolling
and yawing motions, loads). However, this method cannot
ensure the speed regulation. Besides, fluctuations (induced
from flap-wise and edge-wise vibrations) cause more load
on blades to increase. Recently, a combination of CPC in
achieving good speed and power regulation and IPC for
canceling blade fluctuations is suggested. However, this
technique is only investigated on the TLP type. It means
there are many opportunities for researchers to further study
on other type of the FOWT. Besides, various control meth-
odologies as discussed above could be integrated to enhance
system performance. From the view of control methodolo-
gies, the baseline GSPI control is the most suitable for all
type of the FOWT. However, this method remains the trade-
off between the generator output power and torque, and thus,
affecting other relevant performances such as fore-aft, side-
side motions, fatigue loads, and oscillations. Therefore, the
state feedback control (SFC) strategies known as optimal
control have been developed to cover all existing problems
in system level. Despite earning optimal controllers, design-
ing of the SFC is much more difficult since it requires a
well-known knowledge of system dynamics. Besides, dif-
ferent methodologies result in different qualifications when
applying on specific foundations. For instance, the use of
DAC can achieve better performance for the TLP type, but
not for the barge type due to its characteristic of water-plane
foundation. Using the conventional SFC is more suitable for
this floater. Therefore, one should carefully consider founda-
tion characteristics for suitable design of control in term of
system level.

This review especially explores the recent control tech-
niques for floating offshore wind turbine with different
substructure types such as barge type, tension-leg platform
(TLP) type, spar type, and semi-submersible type. Advan-
tages and disadvantages between each algorithm were dis-
cussed and comparisons according to the application of the
same algorithms to different floater type were also handled.
Table 4 summarizes the control algorithms reviewed for this
paper.

The improvements of control technologies will definitely
lead to the cost reduction related to O&M (operations and
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Table 4 Control algorithms for FOWTs

Type Algorithms
CPC 1PC
Barge GSPI SFC
SFC
LQR
LPV-GS
TLP GSPI SFC
Hoo DAC
PID-based CPC-IPC
Spar GSPI SFC
MIMO-based PI MRAC-DAC
HPC-LPC-TFC MPC
DAC Fuzzy-MRAC-DAC
LQ-I
Semi-submersible GSPI NA (Not Available)

MIMO-based PI
MIMO-based SFC

maintenance) while keeping the performance of FOWT at its

best,

which will make wind turbines more competitive and

will increase AEP (annual energy production) in the level of
a large wind farm operation.
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