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Abstract

Thrust force needs to be taken into account in the development of floating type
shrouded wind turbines since it would lead to large tower inclination, and both
the power conversion efficiency and the safety margin of the system would be
reduced. In this study, a novel spar-type shrouded wind turbine using a hinge
to mount the nacelle on the tower, which can maintain the nacelle in horizontal
state even with large tower inclination, is studied based on a 1:100 model. The
characteristics of the wind turbine are studied via wind tunnel experiments
and wave basin experiments. In wind tunnel experiments, the wind speed-up
performance of the shroud and the self-aligning property of the wind turbine are
evaluated. In wave basin experiments, dynamical response of the wind turbine
in idling, operational and parked modes are studied. A model-based attitude
controller for stabilizing the nacelle is also proposed and the control performance
is analyzed based on experimental results.

Keywords: floating shrouded wind turbine; cyclic pitch control; attitude
control; wind tunnel experiments; wave basin experiments

1. Introduction

With the development of wind turbine technologies, wind energy has become
one of the fastest growing renewable energy resources. Since 1990, wind power
has increased at an average compound annual growth rate of more than 20%
[1]. At the end of 2018, the global install wind capacity reached 564 GW and
the wind power’s share of worldwide electricity usage reached 4.8% [2]. The
International Energy Agency (IEA) targets 15% to 18% share of global electric-
ity from wind power by 2050 in its roadmap, and floating offshore wind energy
is recognized as an important component part for addressing the targets [3].
Industry experts estimate that around 5 GW to 30 GW of floating wind power
could be installed worldwide by 2030 [4].
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A wind turbine shrouded a properly designed duct can aid the turbine to
reach the Betz limit and also may surpass it [5, 6, 7, 8]. Therefore, shrouded
wind turbines have become a significant part of current research agendas since
they can provide a promising solution for improving the efficiency and economic
feasibility of power production even from low energy density flows [9, 10, 11,
12]. Nevertheless, the large drag force working on the shroud, which would
raise the manufacturing cost, also becomes an influential problem for industrial
applications [13, 14]. Especially, a large floating foundation with high restoring
capacity is necessary to neutralize the drag force on the shroud [15, 16].

In order to reduce the drag force, several innovative methodologies have been
proposed in the literature. Siavash et. al published a study on implementing a
foldable diffuser for a micro scale wind turbine [13, 17]. The diffuser is equally
partitioned into movable parts and unmoved parts, and capable to be half-open
to reduce the aero loads in high wind conditions. In [18], a self-adaptive flanged
diffuser which can automatically reduce the projected area of the flange under
high wind speeds has been proposed. Numerical study showed that a 35% drag
force reduction could be obtained at a wind speed of 60 m/s. In addition, efforts
have also been made on applying optimization methods for shroud geometry
design considering both the speed-up ratio and drag force reduction [19].

Studies on reducing the effects of the drag force are another research agen-
das. In [20] and [21], a spar-type shrouded wind turbine concept using a revolute
hinge to mount the nacelle on its supportive tower has been proposed. By the
hinge mechanism, the nacelle can be maintained in horizontal state even under
large tower inclination. The method can not only improve the output perfor-
mance of the wind turbine but also reduce the stress between the nacelle and
the tower. In addition, a novel mooring system was proposed in the studies so
that the mobility of the wind turbine would be improved. A modeling approach
has been proposed to study the system under various environment conditions.

In order to confirm the aero-hydro feature of the wind turbine, a 1:100
small-scale model is developed, and model tests are performed in this study. In
the remainder of this paper, firstly, the properties of the model are presented.
Then, wind tunnel tests and wave basin tests are performed and their results are
reported. Finally, an attitude controller for stabilizing the nacelle in both op-
erational mode and parked mode is designed and implemented, and the motion
response of the wind turbine is discussed.

2. Experimental System

The experimental model is the 1:100 model of a 500kW wind turbine, and
its overview is shown in Fig. 1. The floater is an advanced spar-type floater
consists of a lightweight pontoon and a weight. Guy wires and a slender beam
are employed to install the weight under the pontoon. By the configuration,
the gravitational restoring performance can be improved since the buoyancy is
shifted upward whereas the center of mass of the turbine is maintained at a low
position. In full-scale system, the floater can be simplified to consist of a short
spar (filled with ballast water) and a cylindrical column, as discussed in [20].

2



floater

blades

nacelle

elevator

rudder

shroud

swashplate

(a)

ight

toon

elle

w r

ing 

ring

wir

r er

(b)

buoy   3

(c)

slewi

mooring lin

(d)

Figure 1: Overview of experimental shrouded wind turbine: (a) experimental model, (b)
profile and dimensions, (c) topview of mooring system, and (d) sideview of mooring system.

The cross section of the tower is designed as a thin symmetrical airfoil to
reduce the tower shadow effects. The nacelle is mounted on the tower via
a revolute hinge (a shaft with two supportive ball bearings). The shroud is
installed on the nacelle via 10 sets radially distributed tensioned guy wires. In
the upwind side, the wires are connected to the nacelle with a small angle (30
deg to the nacelle axis) to tangle with the wind drag on the shroud. In the
downwind side, the wires are connected to the nacelle with a large angle (75 deg
to the nacelle axis) to overcome the gravitational force. This mechanism can be
consulted to the rim of ferris wheels. Rudder and elevator are mounted on the
upwind side of the nacelle to help on regulating the orientation and attitude of
the wind turbine. Furthermore, a swashplate is applied to regulate the collective
and cyclic pitch angle of the blades.

The mooring system consists of three one-legged tension-leg-platform (TLP)
buoys, a slewing bearing (installed on the floater top), and three sets of mooring
lines. The overview of the mooring system is shown in Fig. 1(c,d). The slewing
bearing enables the wind turbine to have the flexibility to align itself to track
the wind direction. In order to reduce the coupling effects between the TLP
buoys and the wind turbine, the connection points of the mooring lines are set
at the bottom of the buoys. In practical situation, gravitational anchors would
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Table 1: Properties of experimental model.

Property Value
Rotor mass (include gearbox) (g) 70
Shroud mass (g) 70
Nacelle mass (g) 210
Tower mass (g) 70
Floater mass (g) 1480
Buoy mass (g) 51
Tower height (cm) 29
Center of mass of floater (cm) -28.2
Displacement of floater (cm3) 1900
Displacement of buoy (cm3) 230
Center of buoyancy of floater (cm) -14.8
Distance between buoys (cm) 130
Elevator/rudder area (cm2) 6
Water plane area of floater/buoy (cm2) 19.6
Hinge to the nacelle central line (cm) 0.75

be applied for securing the TLP buoys. By the consideration, the anchors can
be winched up so that the removal of the system would become an energy-saving
work. This feature can largely improve the mobility of the wind turbine, and the
system would therefore be applicable as a temporary power source for offshore
construction use.

The experimental model are made of synthetic resin by a high-precision
3D printer (Projet3500HDMax), and the properties of the system are listed
in Table 1. To measure the motion of the floating wind turbine, two inertial
measurement units (MPU-6050™) are installed in the nacelle and the floater. A
small dc motor having rated speed of 22,000 rpm is applied to control the rotor
rotational speed. Pulse width modulation (PWM) -driven digital servos (ES
9251, made by EMAX) are applied to drive the rudder, elevator and blades. In
addition, a computer-on-module (Intel® Edison Breakout Board Kit) is utilized
for signal processing and controller implementation.

3. Wind Tunnel Experiments

A large atmospheric boundary layer wind tunnel installed at the Research
Institute for Applied Mechanics in Kyushu University is applied for evaluating
the performance of the wind turbine. The experimental setup are shown in
Fig. 2. The tower is fixed on a 6-component strain gauge. The hinge between
the nacelle and the tower is disabled so that the nacelle can be kept still in
horizontal level. A shield is applied to cover the base of the turbine to reduce
the blockage effects caused by the tower base.

The speed-up ratio of the shroud is firstly explored. In the tests, the blades,
elevator and rudder are removed from the wind turbine and the nacelle is placed
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Figure 2: Overview of wind tunnel and scenery of wind tunnel tests.

in parallel with the wind direction. The inflow wind speed is set as 5 m/s so that
the Reynolds number based on the diameter of the shroud is about 1.2 × 105.
A hot-wire probe placed normal to winds is applied to measure the wind speeds
at rotor plane. The normalized results are shown in Fig. 3(a). In the figure, the
term U∞ is the inflow wind speed, u is the local wind speed, R is the radius of
rotor, and r is the location of the probe. It can be observed that the wind speed
is amplified by 10% near the nacelle and 30% near the shroud. By calculation,
the overall air flow rate at rotor plane increases by 20%.

The characteristics of the wind turbine with respect to tip-speed ratio, col-
lective pitch, cyclic pitch and wind-wind turbine misalignment are also studied.
The power coefficient Cp, thrust coefficient Ct, yawing moment coefficient Cm
and cyclic pitching moment coefficient Cc are applied for the analysis. The
coefficients are defined as follows:

Cp(λ, β) =
P

1
2ρaAU

3
∞
, (1)

Ct(λ, β) =
T

1
2ρaAU

2
∞
, (2)

Cm(ψ) =
Mψ

1
2ρaARU

2
∞
, (3)

Cc(γ) =
Mc

1
2ρaARU

2
∞
, (4)

where ρa is the air density, A the rotor plane area (swept area of blades), λ = ΩR
U∞

the tip-speed ratio, β the collective blade pitch, ψ the yaw angle of the turbine,
γ the cyclic pitch, P the generator power, T the thrust, Mψ the yaw moment
caused by the wind-wind turbine misalignment, and Mc the pitching moment
of the rotor under cyclic pitch.

The inflow wind speed is set as U∞ = 1.5 m/s, and the rotor speed Ω is
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Figure 3: Results of wind tunnel experiments: (a) Speed-up performance by the shroud, (b)
Power coefficients, (c) thrust coefficients, and (d) Cyclic pitching moment coefficient.

controlled to let the tip-speed ratio λ be λ ∈ [5, 6, 7, 8]. The blade collective
pitch command β is regulated as β ∈ [0o, 3o, 6o, 9o]. To reduce the hysteresis
effect of the swashplate, the blade pitch is driven to the designated angles from
both sides and therefore two experiments are carried out for each pitch angle.
A 60-second-long measurement is recorded for each experiment and the mean
and standard deviation of the measurement are analyzed. The power coefficient
and thrust coefficient as a function of λ are shown in Fig. 3(b,c). It can be
found that the maximum power coefficient appears around (λ = 7, β = 6o). In
addition, the thrust coefficient can be estimated to vary almost linearly with λ
under the experimental conditions.

The rotor pitch moment caused by the cyclic pitch angle γ is investigated by
varying the cyclic pitch command value γ in [−2o, 2o] with a step size of 0.5o,
and the results are shown in Fig. 3(d). In small cyclic pitch angles, it can be
found that the pitch moment coefficient changes almost linearly with γ. This
would remarkably reduce the design complexity of cyclic pitch controller since
controller design technologies for linear system, such as Proportional-Integral-
Derivative (PID) control, are almost mature and easy to use.

The restoring moment under wind-wind turbine misalignment is studied by
setting the yaw angle of the wind turbine from 0o to 180o with a step size
of 5o. The schematic view of the experiments and the resulted yaw moment
coefficient are shown in Fig. 4. The negative quantity of Cm indicates that the
wind turbine can generate a restoring moment against the wind-wind turbine
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Figure 4: Static moment in yaw with respect to the incident angle in wind tunnel tests.
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Figure 5: Overview of model tests in water tank.

misalignment. From the results, it can be found that the self-aligning property
can be preserved when ψ ∈ [0o, 150o] (and [210o, 360o] by taking account of the
geometric symmetry). In practical situation, rudders installed on the upwind
side of the nacelle can be applied to help on aligning the wind turbine when
the wind travels from the opposite direction. Therefore, the wind turbine can
be regarded that it can align itself passively towards the wind direction by the
aforementioned design.

4. Wave Basin Experiments

To explore the characteristics of the wind turbine, such as the natural fre-
quencies and the motion feature under aero- and hydro- dynamics, wave basin
experiments are carried out. The water tank with length 65 m, width 5 m and
depth 7 m installed at the Research Institute for Applied Mechanics (RIAM) of
Kyushu University is applied, and the overview of the setup is shown in Fig. 5.
The wind generator is composed of 12 axial flow fans and able to generate a
maximum average wind speed of 5 m/s. The wave generator is of plunger type
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Figure 6: Comparison of the free decay results.

Table 2: Natural frequencies and damping ratios of the experimental model.

nacelle floater with wind turbine (hinge fixed)
pitch surge/sway heave roll/pitch

natural frequency [rad/s] 2.75 0.45 2.26 2.23
damping ratio [-] 0.12 0.30 0.12 0.078

and is capable to generate regular waves with a maximum wave height of 0.3
m. A movable sea floor frame for installing the mooring system is assembled in
the water at a depth of 0.9 m. A set of high-speed stereo cameras is applied to
capture the motion of the wind turbine. In the experiments, winds and waves
travel in the same direction along the positive x-axis.

4.1. Free Decay Response

Free decay experiments are performed to analyze the natural frequencies and
damping ratios of the floating wind turbine. The experiments are performed
by settling the initial position of each motion DOF away from its equilibrium
state, and then let the system move freely on water. The results in time-series
are shown as the solid lines in Fig. 6. As the floater motion in sway and roll
DOFs are very similar to the motion in surge and pitch DOFs, respectively, their
results are omitted in the figure. From the experiments, it can be found that
the motion oscillate periodically and decay with time. The natural frequencies
as well as the damping ratios can be estimated from the experiments and the
results are compared in Table 2.

8



Table 3: Wind and wave conditions in wave basin experiments.

wind speed and wave
turbine mode wave period [s] wave height [mm]

0.65 10
0.0 m/s, idling 0.75 15
1.6 m/s, operational 0.90 25
4.0 m/s, parked 1.00 30

1.20 35
1.50 40

4.2. Motion Response in Winds and Waves

The wind turbine in idling, operational, and parked modes is studied, and
the wind speeds are set as 0.0 m/s, 1.6 m/s, and 4.0 m/s, respectively. In the
operational mode, the collective pitch is set as β = 9o and the rotor rotational
speed is controlled to let the tip-speed ratio be λ = 6. The cyclic pith, elevator
and rudder are not controlled during these experiments. The marine environ-
ment around Tohoku Pacific Coast Area of Japan [22] is considered, and the
wave conditions for the experiments are given in Table 3.

In each experiment, a 30-wave periods-long measurement is recorded after
the transient response. The dynamics of the experimental model are analyzed
based on motion response amplitude operators (RAOs), as shown in Fig. 7. In
the figure, ζa is the wave amplitude, ka the wave number, λw the wave length,
D the diameter of the floater at still water level, Θn, Xf , Zf and Θf the motion
amplitude of the nacelle in pitch, the motion amplitude of the floater in surge,
heave and pitch DOFs, respectively. It can be found that the motion RAOs
in the idling mode and the operational mode are not recorded much different
from each other. These results indicate that the motion of the wind turbine
are mainly affected by waves under low and moderate wind speeds. In the
parked mode with high wind speed, the pitch motion of the nacelle becomes
large, especially in low-frequency waves. This would be caused by the fact that
the natural frequency of the nacelle in pitch DOF increases under high wind
speeds and approaches to the wave-frequency zone. A theoretical explanation
of this point of view will be explained in Section 5.1. The large aero-force on
the wind turbine also induces a large floater motion in pitch DOF, as illustrated
in Fig. 7(d). On the other hand, the floater motion RAOs in surge and heave
DOFs are, conversely, reduced in the parked mode. High wind speed leads to
large floater displacement in surge DOF, and results to a large tendon tilt. The
restoring coefficients in surge and heave DOFs are enhanced by the mooring
system, and therefore their wave-induced motion are restrained.

From the experiments, it is observed that the nacelle pitch motion need to
be stabilized, especially under high wind speeds. In the following, a numerical
model for controller design is presented, and the effectiveness of the controller
is discussed.
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Figure 7: Motion response of the wind turbine model under three wind turbine modes: (a)
nacelle in pitch DOF, (b) floater in surge DOF, (c) floater in heave DOF, and (d) floater in
pitch DOF.

5. Nacelle Attitude Control

In this section, the cyclic pitch and the elevator will be applied to regulate
the nacelle pitch motion. In order to reduce the complexity of the controller
design, some assumptions are given in advance:

• The gyroscopic resistance caused by the rotor rotation is omitted so that
gyroscopic properties would not affect the motion of the nacelle and floater.

• The flexibility between the nacelle and the shroud can be neglected.

Based on the assumptions, the floating wind turbine is regarded to be composed
by a supporter and a lever arm, as shown in Fig. 8. The supporter consists of
the floater and tower whereas the lever arm includes the nacelle, shroud and
rotor.

5.1. Numerical Model

The governing equations of motion can be obtained by Lagrange’s equation:

d

dt

(
∂L

∂q̇i

)
− ∂L

∂qi
= Qi (5)

where L = T − U is the Lagrangian, which is the combination of the kinetic

energy T and potential energy U , qi the ith generalized coordinate, and Qi the

ith generalized external force.
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Considering the motion of the turbine in xz-plane, the kinetic energy (in-
cluding the fluid kinetic energy [23]) as well as the potential energy can be
expressed by

T =
1

2
m1ẋ

2
1 +

1

2
I1θ̇

2
1 +

1

2
m2(ẋ2

2 + ż2
2) +

1

2
I2θ̇

2
2 +

1

2
vfMavf , (6)

U = m2gz2, (7)

where vf = [ẋ1, θ̇1]T is the velocity vector of floater, m1 and m2 the sup-
porter mass and lever mass, respectively, I1 and I2 the moment of inertia of the
supporter and lever, respectively, g the gravitational acceleration, and Ma the
added mass matrix. The position of the lever can be expressed by

x2 = x1 + `1 sin θ1 − `2 sin θ2, (8)

z2 = `1 cos θ1 − `2 cos θ2, (9)

where `1 is the distance between O1 and the hinge, and `2 is the distance between
O2 and the hinge. In addition, the term Ma can be expressed by

Ma =

[
Xẍ1 Xθ̈1
Pẍ1

Pθ̈1

]
, (10)

where Xẍ1
is the added mass of the floater in surge, Pθ̈1 the added moment of

inertia in pitch, Xθ̈1
and Pẍ1

(Xθ̈1
= Pẍ1

) the coupled added mass and moment
of inertia between surge and pitch.

Choosing the generalized coordinates be q = [x1, θ1, θ2]T and considering
θ1 = θ10 + θf (θ10 is the equilibrium inclination angle and θf is the small
perturbation), the system can be expressed as

Ξp̈ + Γp = Q. (11)
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where p = [x1, θf , θ2]T , Ξ and Γ are expressed by

Ξ =

 m1 +m2 +Xẍ1 Pẍ1 +Xθ̈1
+m2`1 cos θ10 −m2`2

Pẍ1
+Xθ̈1

+m2`1 cos θ10 I1 + Pθ̈1 +m2`
2
1 −m2`1`2 cos θ10

−m2`2 −m2`1`2 cos θ10 I2 +m2`
2
2

 ,
Γ =

 0 0 0
0 −m2g`1 cos θ10 0
0 0 m2g`2

 .
It is noteworthy that the quadratic terms are ignored and the trigonometric
functions cos θi and sin θi (i = f, 2) are approximated as cos θi ≈ 1 and sin θi ≈
θi, respectively, in (11). By taking into account the potential damping and the
mechanical friction at hinge, the motion equation (11) can be written as

Ξp̈ +N ṗ + Γp = Q, (12)

where N is the damping matrix. The external force Q consists of the mooring
force, wave excitation force, hydrostatic force and aerodynamics, and can be
expressed as

Q =

 Fx − k(x1 + `m sin θ1)
My − ρg∇GM sin θ1 − k(x1 + `m sin θ1)`m cos θ1

−Tr`2 cos θ2 +Mr + Fed2 cos θ2 +Ded2 sin θ2

 , (13)

where k is the linearized restoring coefficient from mooring system, `m the
distance between O1 and the slewing bearing, Aw and ∇ the water plane area
and displacement of the floater, respectively, GM the meta-centric height, d1 the
distance between the rotor plane and O2, d2 the distance between the elevator
and O2, Fx and My the wave excitation loads on the floater in surge and pitch,
respectively, Tr and Mr the thrust and moment on rotor plane, and Fe and De

the lift and drag force of the elevator. Ignoring the wind speed perturbation,
the aero loads are expressed as

Tr =
1

2
ρaCt(λ, β)AU2

∞, (14)

Mr =
1

2
ρaCm(θ2)ARU2

∞ +
1

2
ρaCc(λ, β, γ)ARU2

∞ (15)

Fe =
1

2
ρaCl(α, θ2)AeU

2
∞, (16)

De =
1

2
ρaCd(α, θ2)AeU

2
∞, (17)

where α is the elevator angle (with respect to the nacelle), γ the cyclic pitch
angle, Ae the elevator area, Cl and Cd the lift and drag coefficients of the
elevator, respectively. The term Mr consists of the moment generated by the
wind-shroud misalignment and the moment generated by the rotor cyclic pitch
angle.
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Suppose that the rotor rotational speed and the collective pitch β are re-
served for wind turbine power regulation and not applied for attitude control,
the coefficients Cl, Cd, Cm and Cc can be approximated as

Cl(α, θ2) ≈ a0 · (α+ θ2), (18)

Cd(α, θ2) ≈ b0, (19)

Cm(θ2) ≈ dCm
dθ2

∣∣∣∣
θ2=0

θ2, (20)

Cc(λ, β, γ) ≈ ∂Cc
∂γ

∣∣∣∣
(λ,β,0)

γ. (21)

where a0 and b0 are constant and assigned by a0 = 5.73 and b0 = 0.01 since
the cross-section of the elevator is thin and symmetric [24]. The combination
(λ, β) is the operational point of the wind turbine under the wind speed U∞.

From (15) and (20), it is noteworthy that the restoring coefficient of the
nacelle pitch motion is dependent on the aero loads on the shroud, and varies
quadratically with wind speed. The natural frequency of the nacelle motion in
pitch DOF, therefore, would increase and approach wave-frequency zone. This
feature should be taken into consideration during the design procedure to avoid
first-order wave excitation.

Based on the equations (12)∼(19), the supporter-lever system can be ex-
pressed by the following state-space model:

ẋ = Ax + B1α+ B2γ + d, (22)

where x = [pT , ṗT ]T is the state vector, d is the disturbance including the wave
excitation loads. The system matrix A and output matrices [B1, B2, B3] can be
obtained from Ξ, N , Γ and Q. As the angle and pitching rate can be measured
by inertial measurement units, the output can be expressed as

y = Cx + w, (23)

where y is expressed as y = [θf , θ̇f , θ2, θ̇2]T , w is the noise vector, and C is
the output matrix.

5.2. Damping Coefficients and Model Verification

The parameters used for the numerical model (12) are calculated from the
experimental model and the results are listed in Table 4. The damping matrix
N is then identified by using the free-decay experimental results via least-square
approach [25], and the result is expressed as

N =

 1.16 −0.0782 0
−0.0782 0.0481 −0.00219

0 −0.00219 0.00219

 . (24)

The comparison between the simulation and experimental results is shown in
Fig. 6. It is found that the free decay response can almost be authentically
reproduced by the numerical model. Therefore, the parameters set for the model
would be proper in this study.
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Table 4: Properties of Experimental Model.

Property Value
Supporter mass m1 (kg) 1.55
Lever mass m2 (kg) 0.35
Moment of inertia of supporter in pitch I1 (kg·m2) 4.60× 10−2

Moment of inertia of lever in pitch I2 (kg·m2) 2.75× 10−3

Distance between O1 and hinge `1 (cm) 53.0
Distance between O2 and hinge `2 (cm) 0.75
Distance between O2 and rotor plane d1 (cm) 4.0
Distance between O2 and elevator d2 (cm) 26.0
Distance between O1 and slewing bearing d0 (cm) 17.0
Linearized restoring coefficient in surge k (N/m) 1.02
Floater added mass in surge Xẍ1

(kg) 2.21
Floater added mass in heave Zz̈1 (kg) 1.88
Floater added moment of inertia in pitch Pθ̈1 (kg) 0.055

Floater added mass in surge Xẍ1 (kg·m2) 2.21
Coupled added mass between surge and pitch Xθ̈1

(kg·m) -0.24

5.3. Controller Design

In order not to affect the wind energy conversion of the wind turbine, the
collective pitch β and the rotor rotational speed is not applied for floater motion
control in this study. Moreover, as the elevator is placed on the upwind side of
the wind turbine and the operation of the elevator can disturb the fluid flow,
the elevator α is not controlled during the operational mode.

The characteristics of the system expressed by (22) and (23) at different
wind speeds are shown in Fig. 9. It can be observed that the dc-gains and, to a
lesser extent, the poles of the system depend on the wind speeds. In addition,
from the frequency response of θf shown in Fig. 9(a,c), it can be found that the
controllability of θf by both γ and α are weak since the dc-gains are very small.
Therefore, floater pitch control is not taken into account in this study.

The block diagram of the nacelle pitch control is shown in Fig. 10. The term
θ∗2 is the reference of θ2 and set as θ∗2 = 0. A conditional switch, which is acti-
vated based on the wind turbine modes (switches to cyclic pitch in operational
mode and to elevator control in parked mode), is applied. In order to isolate
the wave-induced motion into the feedback loops, a notch filter expressed by

Fn(s) =
s2 + 2ζnωns+ ω2

n

s2 + 2ωns+ ω2
n

, (25)

is performed to remove the wave-frequency components in θ2. The terms ωn
and ζn are the parameters to be designed. Usually, ωn is set close to the wave
frequency and ζn is a parameter used to control the magnitude of the notch.

PD (Proportional-Derivative) controllers:

Cp(s) = Kp +Kds, (26)

14



10
-1

10
0

10
1

10
2

frequency [rad/s]

-150

-100

-50

0

G
a
in

 [
d
B

] U
∞

floater surge 

eigenfrequency

floater pitch 

eigenfrequency nacelle pitch 

eigenfrequency

(a)

10
-1

10
0

10
1

10
2

frequency [rad/s]

-150

-100

-50

0

50

G
a
in

 [
d
B

]

U
∞

nacelle pitch 

eigenfrequency

(b)

10
-1

10
0

10
1

10
2

frequency [rad/s]

-150

-100

-50

0

G
a
in

 [
d
B

]

U
∞

floater surge 

eigenfrequency

floater pitch

eigenfrequency nacelle pitch 

eigenfrequency

(c)

10
-1

10
0

10
1

10
2

frequency [rad/s]

-100

-50

0

50

G
a
in

 [
d
B

]

U
∞

nacelle pitch 

eigenfrequency

(d)

Figure 9: Amplitude diagram of the frequency response with respect to γ and α under turbine’s
operational mode.
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Figure 10: Block diagram of control system.

where Kp and Kd are the tuning parameters, are designed to regulate the damp-
ing ratio and natural angular frequency of the closed-loop systems. As the
characteristics of θ2 are dependent on wind speeds, gain-scheduling approach
which designing controllers at several different conditions and tuning the PD
parameters in accordance to wind speed would be proper for the control. In
the following, nacelle pitch control under operational and parked modes are
discussed.

5.4. Nacelle Attitude Control Results

The operational mode with wind speed of 1.6 m/s and the parked mode with
wind speed of 4.0 m/s are studied. The terms ζn and ωn are set as ζn = 0.2
and ωn = 7.0 rad/s for the notch filter (25). The parameters of PD controller
are tuned to let the damping ratio and natural frequency of the nacelle be 0.2
and 4.0 rad/s, respectively. The cyclic pitch and the elevator angle are set to
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Figure 11: Experimental results with and without control. The upper graphs show the control
input, middle graphs show the nacelle pitch, and lower graphs show the floater pitch. The
solid lines are the results without control and the dotted lines are the results with control.

Table 5: Standard deviation of attitude motion.
operational mode parked mode

w/o control w/ control w/o control w/ control
θ2 [deg] 1.51 1.47 3.28 2.35
θf [deg] 1.20 1.52 1.80 1.68

vary in [−3, 3] deg and [−20, 20], respectively. The experimental results with
and without control are plotted in Fig. 11. As floater pitch motion exerts large
influence on nacelle motion, the floater pitch is also plotted in the figure for a
better comparison. The statistical analysis of the results are compared in Fig. 12
and Table 5. In both turbine modes, the nacelle pitch motion can be reduced
slightly according to the statistical results. It is noteworthy that the actuators
are saturated in large nacelle motion and limit the control performance. There-
fore, a study on exploring the trade-off between the nacelle stabilization (rotor
cyclic pitch control) and wind power conversion (rotor collective pitch control)
would be necessary.

In the experiments, especially under large wind speeds, collision between the
shroud and the tower occurred occasionally. For instance, the sharp changes of
θ2 near 20 s and 40 s in Fig. 11(b) are caused by the collision. Therefore,
additional mechanism would be necessary to damper/limit the hinge so as to
protect the system from mechanical damage.

It is also noteworthy that in order to satisfy the scaling rule of the model,
lightweight digital servos, which are low resolution and low bandwidth, are
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Figure 12: Histogram plot of the model’s attitude motion.

applied to regulate the cyclic pitch and elevator. Therefore, the control perfor-
mance would be expected to be improved when high-performance actuators are
applied. Moreover, it can be obtained from the equation (18) that θ2 causes a
positive feedback in attitude control (which can weaken the control performance
of elevator). The elevator is required to move with a large swing range during
the control, which not only reduce the control performance but also the life-span
of the actuator. Therefore, a new design to place the elevator at the downwind
side of the nacelle would be a better consideration.

6. Conclusion

This paper provided a fundamental study on a novel floating type shrouded
wind turbine via model tests. The quasi-steady performance and the aero-hydro
dynamics of the wind turbine were explored by wind-tunnel experiments and
wave basin experiments, respectively. In addition, a linear numerical model was
derived for the nacelle attitude controller design. From the study, it can be
obtained:

• The self-aligning performance for tracking wind direction can be obtained
under a wind-wind turbine misalignment of 150o even without rudder
control.
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• In low and moderate wind speeds, waves would be the leading cause of
the turbine motion. Therefore, floating foundation with cylindrical com-
ponents, not the square shaped pontoons applied in this study, would be
a better solution.

• Active control can help on reducing the nacelle motion in both operational
and parked modes. However, in order not to disturb the wind power
conversion, the range of cyclic pitch is limited. This can also limit the
capacity of the controller on nacelle attitude regulation.

In addition, from the experiments, several attention should be paid for the next
phase of study:

• The rudder and elevator would be preferred to be placed at the downwind
side of the nacelle since it can improve the stability performance of the
nacelle and reduce the operational range of the actuators.

• The natural frequency of the nacelle motion is largely dependent on wind
speeds owing to the restoring moment on the shroud. Systematic design
of the wind turbine considering the environmental conditions of the in-
stallation field is necessary to avoid first-order wave excitation.

According to the study, remediation efforts on the design are necessary
for improving the aero-hydro-servo performance. Future work for the float-
ing shrouded wind turbine will also span over the applications for remote areas
and offshore fishery industries with no utility grid. Independent power source
by integrating the turbine with batteries could potentially be beneficial for the
small wind turbine market.
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