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Abstract

This paper addresses a fundamental study of a floating type shrouded wind
turbine on the design, mathematical model and motion analysis. Several novel
concepts are introduced to the system for cost reduction: a revolute hinge is
applied between the tower and the nacelle to maintain the orientation of the
nacelle even in a large tower inclination, a swashplate mechanism with cyclic
control is employed for blade pitch regulation to improve the system control-
lability, a novel mooring system with a slewing bearing is utilized to build the
passive yawing system, and an advanced spar-type floater is used to obtain high
restoring performance with a short spar. Firstly, the design aspects of the main
components of the system are given. Then, the numerical model including the
structural model, hydrodynamic/aerodynamic model, and the control system
is presented. The static and dynamic responses under both the operational
situation and survival conditions are finally studied. The paper illustrates the
probability of the shrouded wind turbine on floating offshore application, and
can provide critical information for the optimization design in next stage.

Keywords: shrouded wind turbine; passive yawing system; cyclic pitch
control; floating offshore application; multi-body simulation method

1. Introduction

Countries around the world are putting substantial effort into the develop-
ment of wind energy technologies for decarbonization. In 2016, wind power
generated about 4% of global electricity while its capacity shows steady expan-
sion [1]. The International Energy Agency (IEA) targets 15% to 18% share
of global electricity from wind power by 2050 in its roadmap, which will avoid
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emissions of up to 4.8 gigatonnes (Gt) of carbon dioxide (CO2) per year [2]. Off-
shore wind energy is recognized as an important component part for addressing
the targets [3, 4, 5].

To reduce the cost of energy, people are making their efforts in the wind
turbine upscaling. Currently, 10 MW-class wind turbines have already been
developed for commercial installation [6]. Moreover, a size up to 20 MW is
also within the EU supported UpWind research project [7]. The large scale
wind turbines are becoming main models in industrial/populated areas with
fine power grid system. In remote area or offshore fishery industries, however, a
relatively small scale wind turbine would be more suitable for their small power
consumption. For these applications, compact and high-efficient wind turbines
with low cost are preferred.

Shrouded wind turbines, which can augment the wind speed at the rotor
plane, have attracted a lot of attention [8, 9, 10, 11]. It has been reported
that a power augmentation of approximately two can be obtained by placing a
well-designed diffuser around the rotor [9, 10]. Besides, Ohya et al. developed
a new-type shroud that places a flange on the diffuser exit [12, 13]. By the
structure, the wind speed at the rotor plane increases about 1.6-2.4 times over
the upwind flow, which leads to 2-3 times increase of power extraction. In
addition, small-scale shrouded type wind turbines have high potential for cost
reduction. Bukala et. al compared some modern small wind turbines including
a bared horizontal axis wind turbine, a shrouded wind turbine and a vertical
axis wind turbine, and illustrated that the shrouded wind turbine has the lowest
installation cost [14].

Although a large power augmentation can be obtained, the shroud increases
the axial thrust force on the wind turbine. Werle and Presz have analyzed
the characteristics of the ducted/shrouded wind turbines based on momentum-
balance-based model [15], and pointed out that at the peak power coefficient,
the ratio of the shroud thrust to the rotor thrust can be expressed by

= =31 1)

where F§ is the shroud thrust force, F. is the rotor thrust force, V,, is the wind
speed at the rotor plane, and U, is the upstream wind speed. According to (),
the thrust of a wind turbine would increase by 100% when the wind speed is
augmented by 20%. For onshore or bottom-fixed offshore applications, the large
thrust would be overcome by strengthening the tower structure. For floating
offshore applications, however, it would require a very large floating platform
to provide sufficient restoring force to suppress the tower from fall. The energy
benefit from the shroud would be less than the increases of mass and cost.

To relax the limitation, a novel design of a floating type shrouded wind tur-
bine is proposed. The two-dimensional sketch draw is shown in Fig. [l The
shroud is mounted on the nacelle via radially distributed tensioned guy wires.
A revolute hinge providing one-degree-of-freedom motion in pitch is applied to
mount the nacelle on the tower. By this structure, the nacelle is possible to stay
horizontal even with large tower inclination. Therefore, the power variation
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Figure 1: Two-dimensional sketch draw.

owing to the floater motion is reduced as well as the shroud thrust coefficient
is able to be maintained at its minimum value. A swashplate mechanism with
cyclic pitch is applied to control the blade pitch angles. The cyclic control can
help on stabilizing the nacelle motion so that the fatigue loads on the wind
turbine are possible to be reduced. An elevator and a rudder mounted on the
upwind side of the nacelle are applied to stabilize the wind turbine in parked
conditions. An advanced spar type floating platform with a large cylindrical
column at the upper side of the spar is applied to provide high restoring per-
formance for the floating wind turbine. The mooring system consisting of a
slewing bearing at the top of floater and three triangularly arranged tension-leg
buoys is employed to build the passive yawing system. The mooring force on
the floater is toward horizontal so that the thrust force on the wind turbine can
be handled effectively. The survivability of the conceptual model in extreme
conditions has been studied in [16] with a simplified model. However, the study
on design, aero-hydro-servo analysis were not provided. For the present concept
having hinge structure and tension buoy-based mooring system, the couple mo-
tion between the mechanical components is complex. Therefore, high fidelity
aero-hydro-servo coupled analysis is required.

In the remainder of this paper, design aspects of a floating type shrouded
wind turbine are firstly presented. Then, the structural model, hydrodynamic
model, aerodynamic model, drivetrain model and control system are introduced.
Static and stochastic aero-hydro-servo integrated numerical simulations are fi-
nally performed to investigate the performance of the model.
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Figure 2: Sectional view of shroud.

2. Design Aspects

2.1. Wind Turbine

A shrouded wind turbine with rated power of 500 kW at wind speed of 9 m/s
is studied. The shroud and the nacelle are firstly designed to investigate the
axial velocity distribution at the rotor plane. The geometry of a blade is then
designed based on the velocity distribution. At the first stage of this study,
the interference of the rotor and the shroud on the wind speed augmentation is
ignored.

2.1.1. Shroud and Nacelle

For the present wind turbine with passive yawing system, the shroud is pre-
ferred to be self-stabilization to reduce the burden of control system. This can
be explained by using the sectional view of the shroud shown in Fig. Pl Suppose
that the shroud rotates a small angle df in a uniform wind, self-stabilization
states that the shroud should have the ability to move back to its original ori-
entation passively. The aero-loads on the shroud sections are required to satisfy
the following condition:

(fr, + fro)Rosindf < (fp, — fp,)Rocosdb, (2)

where f7, is the lift force, fp is the drag force, and Ry is the rotational radius
of the aerodynamic center of the airfoils. The subscript ; and o represent the
upper section and the lower section, respectively.

The Selig S1223 airfoil is adopted for shroud design for its high lift and
good power augmentation [17, 18]. The airfoil is modified based on the self-
stabilization condition () and an in-house comprehensive evaluation of the mass
flow increase, the shroud surface area, and the shroud thrust, and the result is
shown in Fig. B(a)] The thickness of the airfoil is reduced to 7.2% and the
mean camber line for the last 20% of the chord length is rotated downward by
30 deg. The three-dimensional shroud is generated with the cross section of
the modified airfoil-S1223 having the angle of attack of 20 deg. The contour of
pressure and the streamlines around the airfoil based on potential flow analysis
are illustrated in Fig. @ Owing to the stagnation region in the lower side of
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Figure 3: (a) Dimensions of the shroud airfoil (dashed line shows the original S1223 airfoil and
solid line shows the modified airfoil), and (b) contour of pressure and streamlines of shroud
airfoil.

the airfoil, the approaching flow is pushed upwards and great mass flow increase
can be induced by the airfoil.

The nacelle is designed from a symmetrical airfoil having maximum thickness
of 5% at 20.2% chord. The schematic diagram of the nacelle and the components
attached to it are shown in Fig. @l The location of the maximum thickness of
the nacelle is reserved for the hub.

The shroud is mounted on the nacelle via 12 sets radially distributed ten-
sioned guy wires. The mechanism can be consulted to the rim of a ferris wheel.
A light and rigid supporting structure can be obtained by the mounting method.
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 handle the gravitational force on the shroud.
The hinge center where the nacelle is mounted on the tower locates at the 30%
chord of nacelle. The combined center of mass (CoM) of nacelle, rotor, shroud,
elevator and rudder is adjusted to be under the hinge so that the nacelle can
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Figure 4: Schematic diagram of the nacelle and the associated components.
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Figure 5: (a) Velocity field (without the rotor) in 2-dimensional analysis, and (b) axial velocity
distribution at the rotor plane.

stay horizontal in calm weather conditions.

The potential flow analysis in two dimensions using JavaFoil [19] is applied
to analyze the flow field around the shroud and the nacelle, and the velocity
distribution (without the present of blades) is shown in Fig. p(a)] The axial
velocity distribution at the rotor plane is illustrated in Fig.

2.1.2. Blade Geometry

Since the wind turbine is a variable-speed pitch-regulated wind turbine with
rotor diameter about 30 m, the S825 airfoil is utilized to design the blades as rec-
ommended in [20]. An in-house algorithm based on blade-element/momentum
theory [21] considering the non-uniform velocity (shown in Fig. is applied
to design the blade geometry. The optimal tip speed ratio (defined by A = 2—?
where €2 is rotor angular speed, R the rotor radius and up the augmented wind
speed at the blade tip) is set to be )‘opt = 4. To reduce the geometry com-

plexity, the chord length along the blade span is tapered by two straight line
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Figure 7: (a) Power coefficient and (b) thrust coefficient.

using the least-square approximation method. The span-wise distribution of the
twist angle and the chord length are shown in Fig. [l The power coefficient and
thrust coefficient are shown in Fig. [ when A = 3.5, 4, and 4.5. The coefficients
described here are defined with respect to the rotor plane area by

P
Cp= ——r\ (3)
? %paAUogo
T
4 A W

where p, is the air density, A is the rotor plane area, P is the converted power
and T is the thrust on the rotor.

2.1.3. Drivetrain and Generator

115 The drivetrain consists of a low-speed shaft connected to the hub, a high-
speed shaft connected to the generator and a gearbox. The gearbox is assumed
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Table 1: Properties of drivetrain

Property Value
Moment of inertia of low-speed shaft* (kgm?) 2.6 x10*
Moment of inertia of high-speed shaft** (kgm?) 25
Gearbox ratio 41.06:1

* includes the rotor, hub and low-speed shaft of gearbox.
** includes the high-speed shaft of gearbox and generator.

Table 2: Properties of generator

Property Value
Pole pairs 4
Stator resistance (mf2) 16

d-axis Inductance (mH)  0.26
g-axis Inductance (mH)  0.32
Efficiency (%) 94

to be high-stiffness so that the vibration of the drivetrain is not considered.
A permanent-magnet synchronous generator having rated speed of 2000 rpm is
employed. The properties of the drivetrain and the generator are shown in Table
[ and Tablel respectively. A full-rated back-to-back voltage source converter is
utilized to connect the generator to the power grid or battery sets. The details
of the power converter system are referred to the study in [22].

2.1.4. Other Components

A swashplate with cyclic control is utilized to regulate the blade pitch an-
gles. A fundamental study about the application of cyclic pitch control on wind
turbine is referred to [23].

NACA 0012 symmetric airfoil with maximum thickness 12% at 30% chord
is employed to design the rudder and the elevator. In addition, the tower is
designed to be a truncated cone that the radius of the tower are linearly tapered
from the tower base to the tower top.

The main properties of the wind turbine are listed in Table Bl Note that the
shroud mass and the nacelle mass are much larger than the rotor mass owing to
their large surface area. In the following, a floating platform with high restoring
performance is designed to support the wind turbine.

2.2. Floating Platform

2.2.1. Floater

An advanced spar is applied as the supporting platform for the wind turbine,
and the design aspects are shown in Fig. The upper large cylinder can not
only shift the center of buoyancy upward, but also increase the hydrodynamic

resistance on the heave motion [24]. The properties of the floater is listed in
Table Bl
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Table 3: Properties of shrouded wind turbine

Property Value

Rated power (kW) 500

Rated wind speed (m/s) 9.0

Cut-in wind speed (m/s) 2.0

Cut-out wind speed (m/s) 20.0

Rated rotor speed (rpm) 48.7

Rotor diameter (m) 32

Rotor mass (kg) 2130
Shroud mass (kg) 8,760
Elevator /rudder mass (kg) 150
Elevator/rudder area (m?) 12

Nacelle mass (kg) 7,800
Nacelle inertia* (Ixx,lyy,Izz) (kgm?) (2.89,2.89,11.1) x 106
Distance between hinge and CoM** (m) 0.75

Tower mass (kg) 12,000
Elevation of tower top (m) 30.0

CoM of tower (w.r.t tower base) (m) 9.2

Tower inertia (Ixx,Iyy,Izz) (kgm?) (4.25,4.25,0.06) x 105

* includes the moment of inertia of nacelle, rotor, shroud, elevator and

rudder w.r.t the hinge.
** the mass of nacelle, rotor, shroud, elevator and rudder.

Potential-flow theory is applied to evaluate the hydrodynamic loads on the
floater, and the linear potential-flow problem is solved using the WAMIT com-
puter program [25]. The magnitude and phase of the wave excitation force from
solving the linear diffraction problem are shown in Fig. [ for incident waves
propagating along the positive z-axis. The loads in the direction of sway, roll
and yaw are zero due to the symmetries of the floater. The magnitudes of the
force and moment in the direction of surge, heave and pitch reach a peak near
a wave frequency of 1 rad/s. The hydrodynamic-added-mass and -damping
matrices from the linear radiation problem are shown in Fig. [ Owing to the
symmetries of the floater, the surge-surge elements of the added-mass and damp-
ing matrices, A;; and Bjp, are identical to the sway-sway elements, Ass and

Table 4: Properties of advanced spar type floater

Property Value
Floater draft (m) 23.0
Displacement (m?) 411
Floater mass (kg) 380,000
Center of buoyancy below SWL* (m) 9.3
CoM location below SWL (m) 19.2

Floater inertia (Ixx,Iyy,Izz) (kgm?) (1.39,1.39,0.01) x 10%

still water level.

*
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Figure 9: Hydrodynamic wave excitation force per unit amplitude for the floater.

Bss. And, the roll-roll elements, A4y and By, are identical to the pitch-pitch
elements, Ass; and Bss. Other elements not shown in the figure are zero-valued.

2.2.2. Mooring System

The mooring system consists of three triangularly arranged tension-leg buoys,
a slewing bearing, mooring lines, anchors, and connectors. The buoys are a
submerged cylindrical bodies with radius 1.5 m and height 3 m. The mooring
system properties are listed in Table ll The anchors are placed directly under
the buoys. Instead of the conventional mooring system that the mooring chains
are supported by the buoyancy of floater [26], they are supported by the buoys
so that the floater can be lightened.

According to the design, the center of mass of the floating wind turbine is
located at -16.33 m, and the meta-center height is 7.05 m. The numerical model
and the analysis of the system are discussed in the following sections.

10
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Figure 10: Hydrodynamic added mass and damping for the floater.

3. Numerical Modeling of the System

8.1. Structural Modeling

The general formulation of the motion equation of a rigid-body can be writ-
ten by [27]

Mv 4 C(v)v + Dv +g(n) =7, (5)

where v € RS is the velocity vector, n € R? x S the position and orientation
vector, M the generalized mass matrix, C' the Coriolis and centripetal matrix
due to the rotation, D the damping matrix, g the restoring force, and 7 the
vector of external forces and moments. The SimMechanics™, which provides
a multi-body simulation environment for 3D mechanical systems, is used to
model the structure system of the floating wind turbine. Each blade, the hub,
the nacelle, the shroud, the elevator, the rudder, the tower, the slewing bearing,

11
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Table 5: Properties of mooring system

Property Value

Buoy mass (kg) 3,000

Buoy diameter (m) 3.0

Buoy height (m) 3.0

CoM location of buoy below SWL (m) 6.0
Distance between buoys (m) 129

Depth of sea bed (m) 50

Chain length between floater and buoy (m) 75.7

Chain mass (per unit length) (kg) 5.0

Buoy inertia (Ixx,Iyy,Izz) (kgm?) (3.90,3.90,2.22) x 103

the floater and each buoy are represented by rigid body blocks in the model.
One degree-of-freedom revolute joints are applied to connect the blades to the
hub, the hub to the nacelle, the rudder/elevator to the nacelle, and the nacelle
to the tower. A weld joint is applied to mount the tower on the top of the
floater. The six degree-of-freedom joints are used to locate the floater and the
buoys in the world frame.

Since a mooring line consists of a tensioned part (between the buoy and
anchor) and a loose part (between the floater and the buoy), the model is
considered separately. The mooring line between the buoy and the anchor is
modeled as a hybrid linear elastic spring expressed by

0, if 1y < o
Fon = { el — d), if Ly > dim (6)

where [,,, is the distance between the connection points, and d,, is the nominal
length of the mooring line. The coefficient k& = 2.0 x 107 N/m is the stiffness
of the mooring line. Note that the mooring force is generated only when the
lines are strained. On the other hand, the mooring line between the floater and
each buoy is modelled by 13 end-to-end connected slender bodies. The isometric
view of the structure system is shown in Fig. [[1l The world frame is set at the
center of the water plane of the floater at the still water level. The z-axis is
vertical and positive upwards.

By using the toolbox, the left terms of the equation () are computed auto-
matically. The external forces are modeled in the following subsections.

3.2. Hydrodynamic Loads

Since the distance between the floating bodies are much larger than their
diameters, their coupling interaction is small and therefore ignored in this study.
The hydrodynamic loads on a floating body can be separated into four compo-
nents:

T = Tres T Trad + Tvisc T Texc; (7)

12
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Figure 11: The structure system modelled in SimMechanics™.

where 7.5 is the restoring force due to the gravity and buoyancy, 7,44 is the
radiation force arising from the change in momentum of the fluid, 7,;s. is the
viscous hydrodynamic force due to the fluid-viscous effects, and 7., is wave
excitation loads. The term 7,4, is neglected because the natural periods of the
floating wind turbine are designed outside the modal periods of wave (referred
to Section Hl) and the viscous hydrodynamic force contributes small to the total
loads compared to the other terms.

The hydrostatic restoring force 7,5 is computed based on the displacement
in heave, the attitude (Euler angles), and the metacentric height of the body (re-
ferred to Chapter 4 in [27]). The radiation force is determined by the frequency-
dependent added mass A(w) and potential damping B(w) according to

Trad = — Al — /0 K(t—7)v(t)dt', (8)

where Ao is the constant infinite-frequency added mass matrix and K (t) is a
matrix of retardation functions given by

K(t) = %/000 B(w) cos(wt)dw. (9)

K(t) is expressed by a linear model using state-space equations in order to
reduce the computational load. A comprehensive study of the method can be
referred to [28, 29]. In addition, the wave force T, is computed based on force
response amplitude operators (RAOs) by

N M
Texe = Z Z |F(Wk)|\/25((Uk, Bwi)AWAﬁw .

k=1 i=1
cos (wit — k(x cos By, +ysin By, ) + LT (wk) + €x) , (10)

where |T'| and ZT" are the amplitude and phase of the force RAOs, respectively,
S is the wave spectrum, w is the wave frequency, k is the wave number, £,
represents the wave propagation direction, and € is the random phase angles.

13
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The terms Aw and AS,, are constant difference between successive frequencies
and propagation directions, respectively. The force RAOs of the floating bodies
can be computed using a hydrodynamic program, such as WAMIT [25].

3.3. Aerodynamic Loads
8.8.1. Aerodynamic Force on Blades

Based on the blade element momentum theory and the conservation of mo-
mentum analysis, the thrust force and the torque on a blade element are ex-
pressed by

1 vh (1-a)®

dF = — a—rel—x C,dr, 11
2p sin? (¢) e(r) " (11)
dT = ! —vgrel_x(l Q)Q Cyrd 12
P sin?(¢) e(r)Cerdr, (12)

where r is the local radius, dr the length of blade element along the central line,
¢(r) the local chord length, ¢ the local inflow angle, a the axial induction factor.
The local relative upstream wind speed Ub ol x is calculated by

= [kRYUoo(2) — V), (13)

v
brel-x

where « is the local wind speed augmentation factor shown in Fig. Uoo(2)
the local non-augmented wind velocity expressed in world frame, R? is the
rotation matrix to transfer a vector expressed in the world frame to the blade
element-fixed frame which is defined at the aerodynamic center with z-axis
pointing perpendicular to the rotor plane and z-axis pointing to the tip of blade
(y-axis is defined according to the right-hand rule). The term v, is the blade
element velocity expressed in the blade element-fixed frame. The subscript [-];
denotes the x-axis component. The velocity components in y-axis and z-axis
are neglected for computing the torque and thrust force since they are relatively
small. The terms C,, and C; are the coefficients denoted as

Cn = Ci(¢ — B) cos(®) + Ca(¢ — B) sin(¢),
Ci = Ci(¢ — B) sin(¢) — Ca(d — B) cos(e),

where (3 is the blade pitch angle, C; and Cy are the lift coefficient and the drag
coeflicient, respectively. The flow induction factor a is a function of ¢, C;, Cy,
and solidity, and can be obtained by iterative calculation [21, 30]. The hub loss
correction model based on Prandtl’s model [31] is applied during solving a:

where B is the blade number, and Ry}, the radius of the hub.
Note that when the wind turbine is in parked conditions, the drag on a blade
element is calculated based on the quasi-steady aerodynamics theory:

Lo
dF = ipavbrel_xc(r)(}'ndr. (15)

14
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Figure 12: Velocity and force analysis of a shroud element.

3.3.2. Aerodynamic Force on Shroud

The shroud is uniformly split into several strips along the circumferential
direction and the quasi-steady aerodynamics theory is applied for computing
the aerodynamic force. The velocity and force analysis of an element is shown
in Fig. For the ease of explanation, the element-fixed frame Oy — z5yszs
is defined at the aerodynamic center with xz-axis pointing perpendicular to the
rotor plane and z-axis pointing to the center line of the shroud (y-axis is defined
by the right-hand rule). The term vy is the shroud element velocity expressed
in the element-fixed frame. The relative velocity of the shroud element is for-
mulated by

= R, Uoo — Vs, (16)

v
“rel

where R? is the rotation matrix to transfer the wind velocity u., to the frame
Os — zsyszs. The angle of attack a, can be calculated based on the angle
between the vy . and the plane Oy — xys, and the lift force and drag force on

the element can be calculated based on

1 2

dFs; = §p“|vsrel| Cs, (as)esdl, (17)
1 2

dFsg = §p“|vsre1| Cs, (as)esdl, (18)

where dl is the arc length of the shroud element, ¢, is the chord length of the
shroud airfoil, and Cj, and Cy, are the lift coefficient and drag coefficient of the
shroud airfoil, respectively. Note that the coefficients are affected by the rotor
plane in operational situations and can be evaluated by CFD (Computational
Fluid Dynamics analysis) or experiments. Five cases of the coefficients under
steady-state conditions at as = 0 are demonstrated in Fig. For comparison,
the coeflicients in parked situation are also given in the figure.

8.8.8. Aerodynamic Force on Nacelle, Tower, Rudder and Elevator

The aerodynamic force on the nacelle, the rudder, the elevator and the tower
are calculated based on the quasi-steady aerodynamics theory, which can be
referred to the equation ([H).

15
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Figure 13: Lift and drag coefficients of the shroud airfoil under steady-state conditions.

3.4. Generator and Drivetrain Model
The permanent-magnet synchronous generator can be described by [32]

d R L 1

g = — g+ we — 4, 19

dtld Ldzd—i-w L q T Ld'Ud (19)

d . Rs . L ¢€ 1

=2 R 20

gl T T T e T e, T (20)
np[¢eiq + (La — Lq)idiq]v (21)

where ¢ and v are the current and voltage, respectively, L is the self-inductance,
Ry is the stator resistance, w, is the electrical rotating speed, n,, is the number
of pole pairs, ¢, is the permanent magnetic flux, and 7} is the electromagnetic
torque. The subscripts 4 and , refer to the physmal quantities in rotating
reference frame via Park transformation.

In addition, according to the assumption that the drivetrain is rigid, the
rotational motion of the rotor-gearbox-generator system is expressed by

JQ =T, - T,N? (22)

where Q) is the rotor speed, T, is the aerodynamic torque computed by (),
N is the gearbox ratio, and J is the sum of the moments of inertia of the hub,
blades, shaft, gearbox and generator.

3.5. Control System
3.5.1. Generator Current Control

Proportional-integral (PI) controllers combined with decoupling control terms
are applied for generator current control [33]. The d—axis current ¢4 is regulated
to be zero so that the generator torque is proportional to the g—axis current.
The g—axis current demand ig is calculated from the generator torque demand
T¢ that

=T, /Ky, (23)
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Figure 14: Control strategy of the rotational motion.

Figure 15: Block diagram of the blade pitch control.

where K is the torque coefficient assigned by K; = %npgbe. By the method, the
transfer function from the torque demand to the generated torque becomes the
first-order system expressed by

1

Gi(s) = Ts——i—l’

(24)
where 7 is the time constant determined by the parameters of the PI controller.
In this study, 7 is set to be 0.01 s by tuning the PI controller.

3.5.2. Generator Torque Demand and Collective Pitch Control

For a variable-speed pitch-regulated wind turbine, the basic control objec-
tives are to maximize the energy capture at low wind speeds whereas to limit
the aerodynamic power at above-rated wind speeds. Fig. [ depicts the basic
control strategy on the torque-rotational speed plane.

In low wind speeds, the rotor speed is controlled by regulating generator
torque demand to keep the tip-speed ratio, A, at its optimal value. The turbine
is operated along the optimal locus with the peak power efficiency between the
point A and B. The torque demand for the generator is given by

5
7 = TPt a2 (25)
opt
where w, is the generator rotation speed. At point B, the rotation speed arrives
to its rated rotational speed wy at wind speed V,,,. Then, a PI controller is
applied to regulate the rotational speed at this value along the segment BC.
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In above-rated wind speeds, the generator torque demand is set as con-
stant while the pitch angle of the blades is increased (pitch-to-feather) to shed
the aerodynamic power so as to keep the turbine operating at point C. A PI
controller with anti-windup manner is adopted for pitch control, as shown in
Fig. [ Pitch angle and pitch rate limiters are applied considering the prac-
tical situation. The parameters K, and K; are the gains of PI controller and
K is the anti-windup coefficient. Gain-scheduled approach is applied to tune
the parameters to handle the sensitivity of the aerodynamic torque to the pitch
angle [21]. The output of the blade pitch control is used as the reference of the
collective pitch of the swashplate.

3.5.8. Cyclic Pitch Control

The lateral cyclic pitch is controlled to stabilize the pitch motion of the
nacelle and the vertical cyclic pitch is controlled to assist the wind turbine on
following the wind direction. Gain-scheduled PI controllers are also utilized for
cyclic pitch control to cope with the strong nonlinearity caused by the aerody-
namics and hydrodynamics.

3.5.4. Rudder/Elevator Control

In this study, the rudder and elevator are applied to stabilize the nacelle
only in the parked situation. PD (Proportional-Derivative) controllers acting
on the difference between the direction of wind and the orientation of nacelle
are applied to regulate the angle of attack of the rudder and the elevator. The
angle limiter is applied to prevent them from working in stall situation.

3.6. Environmental Model

3.0.1. Wave Model
Irregular sea state having two-dimensional wave spectrum is employed for
this study. The sea state is modeled by

5w, Buw) = 5(w)g(Buw), (26)

where S(w) is the wave spectrum, 3, is the encounter angle and g(f,,) is the
spreading function expressed by

2cos® B, —7/2 < Py < /2
9(Buw) = { 0, elsewhere (27)

A fully developed wind-generated sea state characterized by the Modified
Pierson-Moskowitz (MPM) Spectrum [27]

S(w) = Aw Pexp(—Bw™?) (28)
is applied. The terms A and B are the parameters given by

e 4773H52 1673

4 - 4 7
Tz Tz
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where H is the significant wave height and T, is the average zero-crossing wave
period. The modal wave frequency wy and the corresponding wave spectrum
can be calculated by

1/4B
W=V
5A

S(wo) 4BwOeXP(—5/4)-

3.60.2. Wind Speed Model
The mean wind speeds are given by a logarithmic wind profile expressed as

unx) _(2)
uso(H) 1y (ﬁ) ,

(29)

Z0

where z is the height, H = 10 m is the reference height, and z( is the roughness
length depending on the type of surface. For offshore application, z is assigned
by zg = 0.001.

In addition, a linearized von Karman model is applied as the wind turbulence
model [34]:

(CLTfS + 1)
(Tfs + 1)(@2Tf8 + 1)7

Hy =Ky (30)
where s is Laplace operator. The parameters a; and ao are assigned as a; = 0.4
and az = 0.25. The terms 7'y and Ky are expressed by

L 2w Ty

_ K ,
Vg ’ B(%,%) T

where L is the turbulence length scale, T the sampling period, and B is the
beta function. According to IEC edition 2 standard, the longitudinal turbulence
intensity is set as [21]

5.6
Iy = Lo (0.75 + o (Zh)> : (31)

where [..¢ is given by I op = 0.14 and us(2p) is the mean wind speed at hub
height.
4. Properties

Natural periods of the system, which can significantly affect the performance
of the wind turbine in response to the sea conditions, should be designed to
avoid overlapping with the wave periods. The free decay tests under calm water
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Figure 16: Power curve and the corresponding pitch angle of blades.

conditions are performed using the aforementioned model, and the results are
illustrated in Table[@ The design the presented floating wind turbine meets the
DNV Offshore Standard since the natural periods are out of the typical wave
periods which are in the range of 4 s to 25 s [35]. Dynamic wave motion analysis
and the effect of natural periods will be discussed in Section Bl

Then, the performance of the wind turbine is investigated under uniformly
distributed wind with constant speeds. To avoid the effects of the structural
motion, the nacelle is fixed in the world frame. The power curve and the corre-
sponding blade pitch angle are illustrated as functions of wind speeds in Fig. [[A
In below-rated wind speeds, the wind turbine operates at peak power coefficient
so that the power increases with the cube of wind speeds. In above-rated wind
speeds, pitch-to-feather control strategy is applied to control the blade pitch to
shed the aerodynamic power. The generator is maintained to work at the rated
condition.

The thrust on the rotor plane/shroud and the floater motion under constant
wind speeds are also evaluated, and the results are shown in Fig. [l Owing to
the symmetries of the whole system, the floater motion in sway, roll and yaw
directions are zero and not displayed. In low wind speeds, as the blade pitch
angle is fixed to the optimal position, the thrust on the wind turbine increases
with the square of wind speeds. At the above-rated wind speeds, the blade pitch
is controlled (pitch-to-feather) to regulate the power so that the thrust on rotor
plane decreases with an increase in wind speeds. The total force on the wind
turbine decrease first and then increase again due to the continuously increase
of the shroud thrust. In parked situation, the pitch angle of the blades is set
to 90°, the force on the rotor becomes the drag force on the blades so that it
is much smaller than the operational cases. Moreover, as the drag coefficient
of the shroud is reduced in parked situation (illustrated in Fig. [3), the shroud
thrust decreases sharply at the cut-out speed, as shown by the discontinuities
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Figure 17: Thrust on the wind turbine and the resulting surge, heave and pitch angle of the
floater under constant wind speeds.

in Fig. The same behaviors can be observed in the floater motion in
Figs. [L7(b)IML7(d)

The relationship between the cyclic pitch of the swashplate and the rotor
moment is investigated. The pitch angle of a blade as a function of the azimuth
angle is demonstrated in Fig. Suppose that the collective pitch demand is
set as [y and the lateral cyclic pitch is set as some positive value w, the pitch
angle of a blade reaches its maximum value §y+w at the top position (where the
azimuth angle is 0 deg), and decreases and reaches its minimum value Sy — w at
the bottom position (where the azimuth angle is 180 deg). It increases gradually
back to By + w as the rotor rotates and the process is repeated again. The rotor
moment induced by the cyclic pitch is illustrated in Fig. and the power
coefficient variation is shown in Fig. It can be observed that a reletively
large moment can be induced for nacelle orientation control at the cost of small
power variation. Therefore, cyclic pitch control can improve the controllability
of the wind turbine.
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Figure 19: Rotor moment (a) and power coefficient (b) caused by the lateral cyclic angle of
the swashplate.

5. Stochastic Dynamics Analysis

In this section, four operational cases and three survival cases are chosen to
investigate the motion responses of the presented floating wind turbine. The
environmental conditions are presented in Table[d This study is limited to pure
operational and survival conditions, and the transient conditions and fault load
cases are not taken into account.

The simulation time is set as 2000 s and the sampling period is 0.2 ms. The

Table 7: Environment conditions for dynamic analysis

operating cases parked cases
Case 1 | Case 2 | Case 3 | Case 4 | Case 5 | Case 6 | Case 7
Uoo(2p) [m/s] 6 9 15 20 25 35 45
I, [-] 0.24 0.19 0.16 0.14 0.14 0.13 0.12
Hy [m] 1.00 2.20 3.2 4.0 6.0 8.2 10.5
T. [s] 6.20 9.5 10.0 10.9 11.3 12.5 13.6
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Figure 20: Mean values and standard deviation of the floater motion.

data of last 500 s are applied for analysis to avoid the effect of transient process.
The mean values and standard deviations, and the power spectral density of
the floater motion are shown in Figs. BOMZIl The motion characteristics of the
nacelle in pitch direction are shown in Fig. Only the nacelle pitch motion is
demonstrated here for the sake of brevity since the motion in other directions
are restricted by the tower and can be estimated from the floater motion.

In operational cases, the floater motion are small because of not only the
moderate waves but also the effects of the cyclic control of swashplate. Besides,
owing to the large damping induced by the shroud, the floater motion in surge
and yaw directions, and the nacelle motion in pitch direction are small even in
survival cases. Note that in case 2, as the wind turbine operates at the rated
condition and the sensitivity of the aerodynamic torque to pitch angle is very
small, the pitch of the blades varies largely in order to maintain the power
output under the wind turbulence and waves. However, the sensitivity of rotor
thrust to pitch angle varies in a different way (shown in Fig.[). The fluctuation
of the rotor thrust deteriorates the pitch motion of the nacelle in case 2.

From Fig. 20 and Fig. EADb), it can be observed that the dynamics of the
floating wind turbine are dominated by the waves and the natural frequencies
since the peaks of the power spectral density are in the wave frequency range
(near w/wp = 1) and resonant frequency range (close to 0). In small/moderate
environment conditions such as case 1 and case 2, both the resonant response
and the wave-induced response have significant influence on the total dynamic
response. In survival conditions, however, the dynamic motion of the system
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are dominated by the waves. It should be mentioned that resonant frequencies
appear in the yaw motion of the floater due to the large restoring force induced
by the shroud thrust. The resonant frequencies also play an important role in
the yaw dynamic response.

The generated power in the operational cases is illustrated in Fig. Be-
cause of the low sensitivity of the aerodynamics to the blade pitch, the power
variation in case 2 is large compared to other cases. The standard deviations of
all the four cases are within 15%.

The passive yawing system, which is important for the availability of the
present system, is evaluated in the following. The cut-in wind speed is applied
and the wind turbine is placed back to the wind, say, the initial yaw angle is set
as 180 deg. The yaw motion of the nacelle is measured and plotted in Fig.
The wind turbine is not stable at its initial position and starts to swing at the
beginning. The drag force on the shroud assists the floater to rotate back to the
nominal orientation in 300 s. Therefore, the wind turbine is able to yaw to the
wind direction automatically by the shroud with the self-stabilization feature.
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6. Conclusion

In this paper, the design aspects of a novel floating type shrouded wind
turbine was presented, and a method of quick modeling and aero-hydro-servo
integrated simulation were proposed for the static/dynamic analysis. From this
study, it can be obtained that:

e The hinge structure between the tower and the nacelle can help on main-
taining the nacelle to be horizontal even in large tower inclination. The
wind drag on the rotor and shroud provides proper damping effect on the
nacelle motion in roll, pith and yaw.

e Since the mooring lines are connected far above the center of mass of
the floating wind turbine and the mooring force points toward horizontal,
restoring stability of the system is enhanced. The mooring system can
help on reducing the size of floater.

e The passive yaw system is effective thanks to the slewing bearing set be-
tween the floater and the mooring cables and the self-stabilization prop-
erty of the shroud. The settling time that the wind turbine rotates from
the opposite position to the nominal orientation is about 300 s under the
cut-in condition.

In addition, from the results of this analysis, several great attention should
be paid for next optimized design stage:

e The specification of floater and tower is highly determined by the thrust on
the shroud. Owing to the large shroud thrust in extreme wind conditions,
large loads would apply on the supporting mechanical components, and
therefore their material and strength have to be carefully designed.

e Both the resonant response and the wave-induced response have significant
influence the system response in operational conditions. In survival cases,
however, wave-induced response becomes domination. Optimal design of
the floater to reduce the wave-induced response would be necessary. In
addition, the resonant frequencies in pitch and yaw motion are highly
dependent on the wind conditions, which is not a preferred situation. The
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resonant frequencies have to be designed outside the wave frequencies with
enough margin to avoid the resonance.

e The motion of wind turbine disturbs the power generation and decreases
the power quality. Advanced controller design for collective blade pitch
would be necessary. Besides, battery sets and super-capacitors would
be required to help on smoothing the power output. In this case, the
collaborative control between the wind turbine and the power conversion
system is preferred.

e The nacelle can maintain its position in horizontal level even under large
tower inclination. However, tower height should be large enough to pre-
vent the shroud from water exposure.

In general, the studies performed in this paper provide an initial evalua-

tion on the floating type shrouded wind turbines. More studies including the
water tank test will be performed in future to investigate the nonlinear hydro-
dynamic/aerodynamic effects on the system.
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