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More FOWTs (floating offshore wind turbines) are to be installed in the near future as relevant regulations and technological
hurdles are reduced. In the present study, a numerical prediction tool has been developed for the fully coupled dynamic
analysis of FOWTs in time domain, including aero-loading, tower elasticity, blade-rotor dynamics and control, mooring
dynamics, and platform motions, so that the influence of rotor-control dynamics on the hull-mooring performance and vice
versa can be assessed. The developed coupled analysis program is applied to OC3-Hywind spar design with 5 MW turbine. In
case of spar-type floaters, the control strategy may significantly influence the hull, tower/blade, and mooring dynamics due to
the possibility of control-induced instability/resonance causing resonant hull motions. Therefore, it is important to use a
proper control strategy without such problems at the penalty of slight overshoot in power outputs. In this regard, the global
performances of two different control strategies—conventional and modified control strategies—are systematically compared to
better understand the subtle coupling effects between the blade-pitch angle and shaft controls and hull motions. The developed
technology and numerical tools are readily applicable to any types of floating wind farms in any combinations of irregular
waves, dynamic winds, and steady currents.

INTRODUCTION
Wind is the fastest-growing clean and renewable energy source.
Until recently, most of the wind farm development has been limited
to the land space or shallow-water areas. However, there exist
several concerns regarding on-land or coastal fixed wind farms,
such as lack of available space, noise restriction, shade, visual
pollution, limited accessibility in mountainous areas, community
opposition, and regulatory problems.
In this regard, several countries started to plan floating offshore
wind farms in deeper waters. Although they are considered to
be more difficult to design, wind farms in deeper waters are, in
general, less sensitive to space availability, noise restriction, visual
pollution, and regulatory problems. They are also exposed to much
stronger and steadier wind field to be more effective. Furthermore,
in designing those floating wind farms, the existing technology and
experience of offshore industry used for petroleum production is
directly applicable.
For floating wind turbines, their natural frequencies of 6 DOF
motions are typically much lower than those rotor-induced or towerflexibility-induced excitations, so the possibility of such dynamic
resonance is small (Jonkman and Sclavounos, 2006; Withee, 2004).
One exception is the TLP-type OWT (Bae et al., 2010; Jagdale
and Ma, 2010), which is much stiffer in the vertical-plane modes
compared to other floating wind turbines, and thus the effects of
such high-frequency excitations from the tower and blades need to
be checked. For spar or semi-submersible floaters (Roddier et al.,
2009), the low-frequency excitations related to blade-pitch-angle
control may cause large-amplitude slowly-varying resonant floater
motions (Nielsen et al., 2006). Therefore, the accurate estimation
of the coupling effects between the floater dynamics and control-
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induced actuation forces is very important in the robust and optimal
design of such floating OWTs (Bae and Kim, 2011; Karimirad and
Moan, 2010).
In this regard, a rotor (aero-elastic-control)-floater-mooring
coupled dynamic analysis computer program is developed by
combining several modules. For the dynamic analysis and control
of wind turbine system, the primary design code of wind turbines,
FAST, developed by National Renewable Energy Laboratory
(NREL), is employed (Jonkman, 2003; Jonkman, 2007, 2008;
Jonkman and Buhl Jr., 2004). The aero-rotor-tower program is
combined with the floater-mooring coupled dynamic analysis
program, CHARM3D (Kim et al., 2001a; Kim et al., 2001b;
Tahar and Kim, 2003; Yang and Kim, 2010). They are combined
and modified so that the whole system can be simultaneously
solved in time domain by a big combined matrix, including all
the relevant coupling forces and degrees of freedom. As a result,
the dynamic time histories of the whole system, including full
couplings among tower, blade, drive train, floater, and mooring, can
be obtained simultaneously by a single run. The developed computer
program is applied here to investigate the effects of respective bladecontrol strategies on the global responses, structural robustness, and
generated power outputs of a 5 MW spar-type FOWT.

NUMERICAL ANALYSIS OF 5 MW FLOATING WIND
TURBINE IN TIME DOMAIN
The time-domain simulation tool for rotor-floater-control-mooring
fully coupled dynamic analysis is developed in this study, and
it is applied to the 5 MW OC3-Hywind spar-type offshore wind
turbine system. In order to couple the wind-turbine aero-elasticcontrol analysis with the mooring/floater dynamics, two different
simulation modules are combined to solve their coupling effects
simultaneously in a combined matrix of the entire system. The
combined inertia matrix includes 6 DOF of platform motions
and 18 DOF of tower, rotor, and blade motions. The mooring
dynamics are independently solved at each time step based on the
feedback of platform motions by a generalized-coordinate-based
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FEM floater-mooring program (PROG1) using high-order element
(Kim et al., 2001b). So, two analysis modules are explicitly coupled
at each coupled time step to simulate the dynamics of FOWTs,
including a finite element mooring system. The hydrodynamic
coefficients, including added mass, radiation damping, wave forces
and second-order mean drift forces of floaters, are obtained by the
3D diffraction/radiation preprocessor WAMIT in frequency domain
(Lee et al., 1991). The obtained hydrodynamic and wave-loading
data are then transformed to the time-domain forms by PROG1
and fed into the aero-rotor-tower program (PROG2) as a platform
loading input. For instance, the radiation damping part is converted
into the convolution integral term in PROG1 and transferred to
PROG2 at every coupled time step. The added mass matrix at
infinite frequency is also calculated by PROG1 and transferred to
PROG2 at the initial step of the simulation.
The equation of floater motion in time domain can be expressed
as follows:
˙ + Fn 4t1 5
˙ + Fm 4t5
6M + M a 457¨ + K = FI 4t5 + Fc 4t1 5

(1)

where M is floater mass, M a 45 denotes added mass at infinite
frequency, FI 4t5 is wave-exciting force, K is hydrostatic restor˙ is nonlinear drag force from Morison’s
ing coefficients, Fn 4t1 5
˙ is radiation force as
equation, Fm 4t5 is mooring force, and Fc 4t1 5
follows:
˙ =−
Fc 4t1 5

Zt

˙
R4t − 545d

(2)

−

1 ˙ and ¨ represent the six degree-of-freedom displacements,
velocities, and accelerations of the floating body. The retardation
function R4t5 is given by:

R4t5 =


2 Z
b45 cos4t5d


(3)

0

in which b is the linear radiation damping matrix. The complete
nonlinear aero-elastic equation of motion for the wind turbine
model is:
M4q1 u1 t5q̈ + f 4q1 q̇1 u1 ud 1 t5 = 0

(4)

where M is the mass matrix, f is the forcing function, u and ud are
the set of wind turbine control inputs and wind inputs, respectively.
q, q̇, and q̈ are the vectors of wind turbine motions, velocities, and
accelerations, respectively, and t is time.
The wind turbine dynamics, including 6 DOF platform dynamics,
are computed by PROG2, which was developed by NREL. PROG1
calculates all the external forces acting on the platform. At each
time step, the latter feeds the external forces to the former. Then, the
former fills out the forcing function in Eq. 4, using forces from the
latter. The external forces, which are derived by the floater-mooring
coupled-analysis program, include first-order and second-order (if
applicable) wave forces, wave radiation damping force, nonlinear
viscous drag force from Morison members, and mooring-induced
restoring forces. The mooring restoring force can be estimated by
the top tension of each mooring line and its directional cosine.
Then, PROG2 solves the equations of motions of all the degrees of
freedom. Those updated platform kinematic data, which include
displacements and velocities, are then fed into the floater-mooring
coupled-analysis program to update external forces, which will be
fed again to PROG2 for the next time step. In this coupling process,

Fig. 1 Basic concept of PROG1-PROG2 hybrid model
the time steps between PROG2 and PROG1 are not necessarily the
same. For the present simulation, the time step of the PROG1side is 0.05 s, and the internal time step for the PROG2-side is
0.0125 s, which means that at every time interval of PROG1,
PROG2 internally calculates 4 steps and returns the resultant data
to PROG1. The results were checked against a more conservative
case with 0.0125 s on both sides. The basic concept of rotor-floater
coupling is schematically shown in Fig. 1. A possibly simpler
coupling approach through transmitted forces and moments at the
tower base was also experimented with in Shim and Kim (2008),
and it was seen that it cannot fully account for the entire features
of more complicated couplings between the rotor and floater.
The control system of the 5 MW wind turbine consists of
variable-speed and variable-blade-pitch-to-feather controllers. The
two control strategies work together to produce quality power and
keep the whole system in good condition. Typical control strategies
of land-based turbines can be directly applicable to TLP-type
offshore wind turbines without any significant modification due
to their limited rotational motions (Bae et al., 2011). However,
in the case of spar-type offshore wind turbines, it is necessary to
change the control strategy to ensure smooth operation and higherquality power generation. In this study, we will focus on the system
responses and power outputs with two different control strategies: a
conventional one used for land-based WT and a modified one for
spar OWT. For the accurate estimation of the global performance
of the whole FOWT system with the respective control strategies, a
reliable rotor-floater-mooring coupled dynamic analysis tool is
essential.
The adopted model of 5 MW turbine is the National Renewable
Energy Laboratory (NREL) offshore 5 MW baseline wind turbine,
which has been adopted as the reference model for the integrated
European UpWind research program. The OC3-Hywind floating
platform in this paper is the OC3-Hywind spar-buoy-type platform,
which is slightly different from the actual OC3-Hywind spar design
used by Statoil-Norway. The detailed specifications of the 5 MW
turbine and OC3-Hywind spar are tabulated in Tables 1 to 3.
(Jonkman, 2010).
The OC3-Hywind spar is moored by a system of three catenary
lines. To increase the yaw stiffness of the platform, the lines are
attached to the hull via delta connection. This delta-connection
effect is included in the time-domain simulation by adding yaw
spring stiffness.

Item
Hub height
Rotor diameter
Tower diameter (top)
Tower diameter (bottom)
Elevation to tower base above SWL
Elevation to tower top above SWL
Overall tower mass
Turbine mass (tower + tower top)
CM location of tower above SWL
Table 1

Specifications of 5 MW turbine

Unit

Value

m
m
m
m
m
m
kg
kg
m

90.0
126.0
3.87
6.5
10
87.6
249,718
599,718
43.4
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Item
Depth to platform base below SWL
Elevation to platform top above SWL
Depth to top of taper below SWL
Depth to bottom of taper below SWL
Platform diameter above taper
Platform diameter below taper
Platform mass, including ballast
CM location below SWL
Table 2

Value

Mode

rad/s

Mode

rad/s

m
m
m
m
m
m
kg
m

120.0
10
4
12
6.5
9.4
7,466,330
89.9155

Surge
Heave
Pitch

0.05
0.20
0.22

Sway
Roll
Yaw

0.05
0.22
0.71

Specifications of OC3-Hywind spar platform

Item
Number of mooring lines
Angle between adjacent lines
Depth to anchors below SWL
Depth to fairleads below SWL
Radius to anchors from centerline
Radius to fairleads from centerline
Unstretched mooring line length
Mooring line diameter
Mooring line mass density
Mooring line weight in water
Mooring line extensional stiffness
Additional yaw spring stiffness
Table 3

Unit

Unit

Value

ea
deg
m
m
m
m
m
m
kg/m
N/m
N
Nm/rad

3
120
320
70.0
853.87
5.2
902.2
0.09
77.7066
698.094
384,243,000
98,340,000

Specifications of OC3-Hywind spar mooring system

Table 4

Natural frequencies of platform motions

The viscous loadings on Morison members are calculated at the
body’s instantaneous position up to the instantaneous free surface at
each time step. The wave particle kinematics above the MWL are
generated by using uniform extrapolation technique. The nonlinear
viscous drag forces also contribute to the nonlinear slowly-varying
motions. The time-series generation of the input wave field and the
corresponding first-order wave frequency and second-order slowlyvarying wave forces and spar motions is based on the two-term
Volterra-series expansion (Kim and Yue, 1991). For the design of
offshore floating platforms, 3-hour simulations are usually required
for the survival condition. However, in the case of FOWT design,
1-hour simulation length is usually recommended.
The natural frequencies of the OC3-Hywind spar platform are
given in Table 4. It is seen that all the natural frequencies are located
below the lowest wave frequency of appreciable energy except the
yaw mode. However, yaw motions will be small anyway due to the
minimal wave-induced yaw moments on the vertical-cylinder hull.
The flexibility of tower is included by using a linear modal
representation, as suggested in PROG2. As shown in Fig. 3, two
fore-aft and two side-to-side mode shapes of tower and two flapwise modes and one edgewise mode of blades are used for coupled
dynamic analysis. The natural frequencies of those elastic modes at
17.11-m/s steady wind are tabulated in Table 5. The tower base is
located at 10-m height from the MWL, so the flexibility of tower
begins from that height.

Fig. 2 Mooring-line arrangement
Each mooring line is modeled by 20 high-order finite elements,
and its unstretched length is 902.2 m. Illustrations of mooringline arrangement are shown in Fig. 2. The convergence of the
mooring-line dynamics with more cubic elements was also checked.

HYDRODYNAMIC COEFFICIENTS IN FREQUENCY
DOMAIN
Wave forces and hydrodynamic coefficients for the submerged
portion of the hull are calculated by using the potential-based
3D diffraction/radiation panel program (Lee et al., 1991). The
submerged body has two planes of symmetry and each quadrant
has 3900 panels. Second-order mean drift forces are also calculated
so that it can generate slowly-varying drift forces and motions
through Newman’s approximation method. The viscous drag force
of the hull is included by employing two Morison members for
upper and lower sections. The drag coefficient CD is taken to be
0.6, which is typical for a cylinder at high Reynolds numbers.

Fig. 3 Normalized mode shapes of (a) tower fore-aft, (b) tower
side-to-side and (c) blades

Mode
st

1 tower fore-aft mode
2nd tower fore-aft mode
1st tower side-to-side mode
2nd tower side-to-side mode
Blade 1st flapwise
Blade 2nd flapwise
Blade 1st edgewise

rad/s
2.33
16.22
2.31
14.34
4.51
12.63
6.86

Table 5 Natural frequencies of tower and blade at 17.11-m/s
steady wind
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is the hub height. Equation 7 can be rewritten in terms of the
translational motion of the hub x as:




IMass + IAdded
BRadiation + BViscous ¡T
ẍ
+
+
ẋ
¡V
L2HH
L2HH
(8)


CHydrostatic + CMooring
+
x
=
T
0
L2HH
where T0 is the aerodynamic rotor thrust at a linearization point,
and V is the rotor-disk-averaged wind speed. Then, the platform
pitch natural frequency can be expressed as:
s
Fig. 4 Two control strategies

xn =

TWO CONTROL STRATEGIES
For the NREL 5 MW turbine, two control systems are designed
to work. A generator-torque controller and a blade-pitch controller
are applied in the below-rated and above-rated wind-speed range,
respectively. The generator-torque controller is designed to maximize power capture, and the blade-pitch controller is designed to
regulate generator speed by gain-scheduled proportional-integral
(PI) control. The schematic diagram of the two control strategies is
depicted in Fig. 4.
The controllers determine their feedback order, such as generator
torque of blade-pitch angle, by measuring the filtered shaft speed.
The measured shaft speed is then compared with the target shaft
speed. The error between measured and target shaft speed can be
expressed as the equation of motion for the rotor-speed error:


1  ¡P 
IDrivetrain +
−
NGear Kd ¨
ì0
¡

 

1
¡P
P
+
−
NGear Kp − 02 ˙
ì0
¡
ì0
 


1
¡P
+
−
N
K =0
(5)
ì0
¡ Gear i
where IDrivetrain is a drivetrain inertia, and P and P0 are mechanical
power and rated mechanical power, respectively.  is a full-span
rotor-collective blade-pitch angle and ì0 is a rated low-speed shaft
rotational speed. ¡P /¡ stands for a sensitivity of aerodynamic
power to rotor-collective blade pitch. Kp , Ki and Kd are the
blade-pitch controller proportional, integral, and derivative gains,
respectively. It is seen that the rotor-speed error responds with the
natural frequency of n :
v
u
u
u
u
n = u
t



1
¡P
−
NGear Ki
ì0
¡


1
¡P
IDrivetrain +
−
NGear Kd
ì0
¡

(6)

The platform pitch motion associated with the rotor thrust force
determined by the above equation can also be expressed as:

CHydrostatic + CMooring
IMass + IAdded

(9)

If the controller-response natural frequency n in Eq. 6 is greater
than the platform pitch natural frequency xn in Eq. 9, there is
a possibility of negative damping of the platform pitch motion
(Larsen and Hanson, 2007). To avoid the platform pitch resonance,
the controller-response natural frequency n should be reduced
so that the motions of the floating platform with controlled wind
turbine remain positively damped. For the 5 MW baseline, NREL
recommended the optimal gain values of proportional (Kp =
0001882681s) and integral (Ki = 00008068634) gains at minimum
blade-pitch setting for the baseline wind turbines. The derivative
gain Kd is set to zero because it gives better performance than
other values. Based on these gains, the blade-pitch control system
uses a new gain, according to the blade-pitch angle input. Note that
the negative damping represented by −P0 /ì20 term is introduced in
the speed error response, and it should be compensated by the
proportional gain in the blade-pitch controller.

MODIFICATION OF CONTROL STRATEGIES
The blade-pitch response of this control strategy can be evaluated
for a land-based turbine. The step variation of input wind speed is
applied to the land-based turbine, and the response of blade-pitch
angle is investigated. The current control parameter (conventional
control strategy) gives very fast and accurate response of bladepitch angle. This strategy is very good for a land-based turbine or
TLP-type offshore wind turbine, since they have minimal rotational
motions and very high-pitch natural frequencies (Bae and Kim,
2011). However, if the pitch/roll natural frequency of a floating
platform is low and close to the pitch-angle-actuator frequency, such
as with spar-type or semisubmersible-type FOWTs, the interaction
between platform-pitch motion and the variation of thrust force due
to the blade-pitch control action may cause serious resonance. In
order to avoid this resonance, the pitch-angle-actuator frequency
must be lowered by detuning the gain values, as pointed out earlier.
In Fig. 5b, the pitch angle of conventional control reaches its
target pitch angle very quickly in response to the variation of step
input wind speed. If we reduce the gain values, then the overall
reaction of the pitch-angle actuator is changed. It takes longer
to reach the target pitch angle, and the gradient of pitch-angle

6IMass + IAdded 7¨ + 6BRadiation + BViscous 7˙
+ 6CHydrostatic + CMooring 7 = LHH T

(7)

where  is the platform pitch angle, IMass is the pitch inertia, IAdded
is the pitch added inertia, BRadiation is the pitch radiation damping,
BViscous is the linearized pitch damping, CHydrostatic is the pitch
hydrostatic coefficient, CMooring is the linearized pitch mooring
restoring coefficient, T is the aerodynamic rotor thrust, and LHH

Fig. 5 (a) Step wind input and (b) blade-pitch angle (land-based)
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Fig. 8 Platform pitch motion of spar
Fig. 6 (a) Generator torque and (b) generator power (land-based)
variation is small compared to that of conventional control. When it
comes to the control quality, the conventional control shows larger
transient overshoot in lower wind-speed range, while the modified
gain control shows relatively smaller or no transient overshoots.
In addition to this detuned-gain modification, the negative
damping term can also be reduced to zero if the variable-speedtorque control changes Region 3 from a constant generator power
to a constant generator torque. Region 3 is one of the control
regions, where the generator torque is computed as a tabulated
function of the filtered generator speed and originally designed to
produce a constant generator power. This modification may reduce
the negative damping term of the speed-error equation, but it could
also affect the quality of generated power output. With the same
step variation of input wind speed, and keeping the same gain
values, the trends of conventional and constant-torque control are
compared.
Figure 6a shows that the modification of Region 3 produces
constant generator torque regardless of the change of input wind
speed. However, the generated power has relatively larger overshoot
at every initial stage of wind-speed variation compared to the
conventional-control case. This kind of power surge may have
negative effects on the generator or other electric devices in the
turbine.
The two modifications of control strategy explained earlier are,
in fact, not necessary for the land-based or TLP-type wind turbines,
as already pointed out. However, in the case of OC3-Hywind spar,
the modifications are quite essential since the hull motions can be
greatly amplified without them. This is particularly so since the
conventional-control-induced excitation frequencies are very close
to the surge/sway and roll-pitch natural frequencies. However, by
modifying the control strategy as explained above, the detrimental
resonance effects can be avoided. In order to see the effects of
modifications on OC3-Hywind spar, similar tests are carried out
with the same step wind input.
Figure 7b shows the comparison of the pitch-angle variation
between the conventional and modified control strategies. We can
see that the pitch angle changes very hastily with significantly
amplified amplitudes with the conventional-control strategy. The
conventional-control-induced excitation frequencies are very close
to the pitch natural frequency of OC3-Hywind spar.
As a result, large platform pitch responses occur, as can be seen
in Fig. 8. The blade-pitch controller tries to catch up with the
variation of input wind and it consequently produces the variation
of thrust force in the frequency range similar to platform pitch
resonance.

Fig. 7 (a) Step wind input and (b) blade-pitch angle of spar

Fig. 9 (a) Generator torque and (b) generator power of spar
To avoid this kind of resonance, the modified control strategy is
applied to the same OC3-Hywind spar platform, and it is seen in
Fig. 8 that the platform pitch response is greatly reduced as a result.
However, the generator power surge of the modified control may
have a negative effect (see Fig. 9b) as a result, as explained above.
So, further checking needs to be done to deal with this effect.

RESPONSE IN RANDOM-SEA ENVIRONMENT
So far, the effect of control strategy on the global performance
of FOWTs is investigated under the simple step-wind environment.
In this section, we consider a typical wind-wave environment as
a more realistic random input to the respective control systems.
The time-varying wind speed at hub height is generated based on
the API wind spectrum ranging 5 s to 3600 s. If the aerodynamic
loading is to be generated in a strict manner, the full-wind-field data
inside the blade-swept area need to be used, but in the present study,
only the variation of the wind velocity in the vertical direction is
considered, assuming that the sideways variation can be neglected.
The random waves are generated from JONSWAP spectra, and
1-hour simulations are carried out. Total time-domain simulation
is for 4000 s, including initial 400 s of ramp time. Statistics are
obtained based on those time series from 400 s to 4000 s after
eliminating the effect of initial transient responses. Table 6 shows
the environmental conditions used for the simulation.
Item

Unit

Value

Water depth
Spectrum
Gamma
Significant wave height (Hs )
Wave peak period (Tp )
Current
Wind @ hub height

m
–
–
m
s
m/s
m/s

320
JONSWAP
2.4
5.0
8.69
0
17.11

Table 6

Environmental conditions

Fig. 10 (a) Blade-pitch angle and (b) spectra
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Fig. 11 (a) Shaft thrust force and (b) spectra
In Fig. 10, the solid line shows the variation of blade-pitch angle
as a result of applying the conventional control strategy. It shows a
lot of fluctuations. From time to time, blade-pitch angle hits 0
deg, which means the controller tries to capture a maximum lift
force from the blade. This random pitch-angle action is mostly
concentrated in the frequency range between 0015∼0023 rad/s.
The frequency range coincides with the pitch/roll/heave natural
frequencies of OC3-Hywind spar (see Table 4). So, it is expected
that large pitch/heave motions will occur as a result of the bladepitch-angle control.
The corresponding time history of the thrust force measured at
the low-speed shaft point is given by the solid line in Fig. 11. At
this point, the thrust force is affected by the aerodynamic force,
which is regulated by the blade-pitch controller. The trend is very
similar to the blade-pitch-angle variation. The high peak is also
shown at the same frequency range.
If the two modifications are applied to the retuned control system,
the duty cycle of blade-pitch is reduced noticeably, as can be seen
in the dotted line in Fig. 10. The actuation frequency is much lower
than the pitch-roll-heave resonance frequencies. The resulting pitch
motions will be smaller, so the blade-pitch controller needs to spend
less effort to adjust. Compared to the conventional control case in
Fig. 10b, the peak frequency is located at a much smaller frequency.
The resulting shaft-thrust forces are also plotted in Fig. 11.
The major contribution of the thrust force is aerodynamic loading.
The thrust force directly affects the floater pitch motion. In the
case of conventional control, the blade-action-induced thrust force
is again greatly amplified in the range of 0015∼0023 rad/s by the
same reason. The harmful resonance disappears when modified
control scheme is applied, as shown in Fig. 11.
The same kind of improvement of performance can also be seen
in the 6 DOF platform motions (Figs. 12 to 17) by applying the
modified control strategy. Without such modification, the platform
motions become too large, especially in heave and pitch modes,

Fig. 12 (a) Surge motion and (b) spectra for two control strategies

Fig. 13 (a) Sway motion and (b) spectra for two control strategies
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Fig. 14 (a) Heave motion and (b) spectra for two control strategies

Fig. 15 (a) Roll motion and (b) spectra for two control strategies

Fig. 16 (a) Pitch motion and (b) spectra for two control strategies

Fig. 17 (a) Yaw motion and (b) spectra for two control strategies
so they are not acceptable in design. The sway-roll-yaw are also
appreciably influenced by the blade-control action. The results
typically illustrate that the blade-control scheme strongly influences
platform motions, and the phenomenon can only be simulated by
use of a rotor-floater-mooring, fully-coupled time-domain simulation
program. The same phenomenon has also been observed in the
experiment with spar-type FOWT (Nielsen et al., 2006).
Gyroscopic effect can also be seen in the case of conventional
control in Fig. 17. This gyroscopic yaw moment comes not from
the aerodynamic loads on the rotor but from the spinning inertia of
the rotor combined with large pitch motion.
Table 7 shows the statistics of the OC3-Hywind spar motion in the
given random environment. All 6 DOF motions with conventional
control strategy show very large maximum and standard-deviation
values due to the control-actuated pitch/heave resonance.
The comparisons of the rotor speed and generated power output
between the two cases are also shown in Figs. 18 and 19. The
rotor speed with conventional control is also greatly affected by
platform pitch resonance combined with the blade-pitch actuation,
and the power output from the conventional control has a lot of
power drops during the simulation time. The reason for this sudden
drop is the instantaneous reduction of the relative wind speed due
to large pitch-backward motions. Thus, the time frame of these
sudden drops coincides with that of 0-deg blade-pitch angle. In
the case of the modified control, the number and range of power
drops are significantly reduced but nontrivial power overshoot also
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Surge (m) C
M
Sway (m) C
M
Heave (m) C
M
Roll (deg) C
M
Pitch (deg) C
M
Yaw (deg) C
M

Max

Min

Mean

SD

2.76E+01
1.87E+01
5.38E−01
−3.64E−01
4.83E+00
1.71E−01
1.52E+00
4.03E−01
1.30E+01
5.05E+00
1.56E+00
3.41E−01

2.21E+00
6.52E+00
−2.09E+00
−1.02E+00
−4.74E+00
−9.21E−01
−6.08E−01
1.97E−01
−5.79E+00
6.78E−01
−3.08E+00
−4.95E−01

1.39E+01
1.22E+01
−7.03E−01
−6.34E−01
−5.04E−01
−3.64E−01
3.84E−01
2.97E−01
3.26E+00
2.74E+00
1.77E−02
−9.38E−02

6.76E+00
1.98E+00
5.44E−01
1.17E−01
2.84E+00
1.75E−01
4.36E−01
3.44E−02
5.55E+00
7.10E−01
9.48E−01
1.11E−01

Fig. 22 (a) Tower-base fore-aft bending moment and (b) spectra

exists as a minor side effect. Nevertheless, the overall quality of
the generated power with the modified control strategy is much
better than that of the other case.
The fore-aft shear force, axial force, and fore-aft bending moment
at the tower base (Figs. 20 to 22) are important to the structural
design of a tower. The general tendency of the time histories of
the shear, axial forces, and bending moment at the tower base is

similar to that of platform motions. It is seen that large forces
and moments are transferred to the position in the case of the
conventional control, and the location of the peak is consistent with
that of platform motions. The maximum shear force and bending
moment with the conventional control are over 70% higher than
those of the modified control. The higher standard deviation of the
shear force means more vulnerability to the fatigue failure. It may
happen when the blade control system is poorly designed. The
negative sign of axial force stands for the compression force that
may be a concern for buckling failure.
The structural loading on the blade root location is also investigated in this study. Since the configuration of the blades attached
to the rotor hub is a kind of cantilever beam, the highest shear
force and bending moment are expected at the blade-root location.
Based on the elastic blade configurations, two shear forces, flapwise
and edgewise, at the root location are selected for comparison, as
shown in Figs. 23 and 24.
In frequency domain, the flapwise shear force with conventional
control shows high peak around platform pitch resonance frequency
and small peaks around 1P (blade rpm) frequency of 1.27 rad/s. In
case of modified control, 1P frequency is dominant.
In the case of edgewise direction in Fig. 24, the shear force
is more strongly associated with the rotation of the blade. This
shear force shows a clear peak at the 1P frequency. The shear
forces in frequency domain show a different trend between the two
control strategies. The modified control shows smoother transition
around 1P frequency, while the conventional control shows sharper
and higher peaks at 1P frequency with minor peaks nearby. These
differences are mostly due to the different actuator speed of blade
pitch, which results in smooth transition with low-speed actuator
(modified) and sharper transition with rapid actuator (conventional).
The maximum flapwise shear force with the conventional control is
around 39% greater than that of the modified control.
The differences in hull motions between the conventional control
and modified control directly affect the top-tension statistics of

Fig. 20 (a) Tower-base fore-aft shear force and (b) spectra

Fig. 23 (a) Flapwise shear force at blade root and (b) spectra

Fig. 21 (a) Tower-base axial force and (b) spectra

Fig. 24 (a) Edgewise shear force at blade root and (b) spectra

Table 7 Statistics of platform motions (C = conventional control;
M = modified control)

Fig. 18 (a) Rotor speed and (b) spectra

Fig. 19 (a) Generator power and (b) spectra
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Fig. 25 (a) Top tension of slack line #1 and (b) spectra

Fig. 26 (a) Top tension of taut-side line #2 and (b) spectra

Fig. 27 Spectra of top tension of (a) line #1 and (b) line #2
mooring lines. The mooring-line arrangement is depicted in Fig. 2.
The wind-wave direction is along the x (in the direction of line #1
and between taut-side lines #2 and #3). The upwind-side lines, such
as lines #2 and #3, will have higher tensions, and the tension of
downwind-side line #1 will be smaller due to the mean surge offset.
The standard deviations of top tensions from upwind lines
with the modified control are 18–21% greater than those of the
conventional control case. This trend is quite the opposite of
the previous results. The increase at the lowest frequency due
to modified control can be expected since the blade action was
intentionally moved to a lower frequency. The three lowest natural
frequencies of the mooring lines are estimated to be 0.36, 0.72,
and 1.07 rad/s. In this case, the peak around 1.07 rad/s in Figs. 25
and 26 corresponds to the third-lowest mooring dynamics mode.
Interestingly, the peak of the modified control is slightly larger
than that of the conventional control. In terms of mooring line
tension, the modified control is less efficient than the conventional
control despite the significant advantage in floater motions. These
responses can be captured only by the full mooring dynamics
model, and the alternative quasi-static mooring analysis model
cannot get those high peaks, as can be seen in Fig. 27.

CONCLUSIONS
The influence of two different control strategies (conventional
and modified) on the global performance of floating offshore
wind turbines, especially for the OC3-Hywind spar platform, is
investigated by using the newly developed rotor-floater-mooring
coupled dynamic analysis program in time domain. The conventional
control scheme that gives fast and accurate feedback response is
designed for land-based or TLP-type wind turbines. If the pitch
stiffness of a floating OWT is small, such as that of spar-type
or semisubmersible-type floaters, the control-induced excitations
may cause resonance and it can significantly increase the floater
responses, which is clearly demonstrated in the present time-domain
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simulations by using fully coupled dynamic analysis program.
In such a case, a modified control strategy is necessary to avoid
the resonance effect. By detuning the gain values and modifying
the Region 3 control method, a better control strategy can be
devised. By applying the modified control strategy, it is shown
that the 6 DOF floater motions and tower-base/blade-root shear
forces and bending moments are noticeably reduced, and the
corresponding turbine performance, such as generated power quality,
is also appreciably improved. However, the modified control may
induce slightly higher mooring-line tension. In conclusion, the
time-domain aero-elastic-control-floater-mooring coupled dynamic
analysis computer program is successfully developed, and it can be
used for checking the global performance and robustness of any
types of FOWTs for any kinds of environments, control scheme,
and mooring system, which will also be very helpful in the design
of more reliable and innovative FOWTs in the future.
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