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(57) Abstract: A procedure
and a device in connection
with the use of a wind turbine
offshore, comprising a wind
turbine (2) connected via a shaft
(not shown) to a generator (3),
which is rotationally mounted
on a tower (4), and a foundation
underneath in the form of a
float (6) on which the tower
(4) is mounted. The float (6) is
designed to be anchored so that
it can move freely in the vertical
plane via a mooring in the form
of mooring lines, hinge or tether
(7), whereby, as a consequence
of the effect of the waves on
the float, the motion of the wind
turbine (2) will act as a damping
mechanism on the motion and
thus extract energy from the
waves. The wind turbine's
resonance period is adjusted by
adjusting the platform's centre of
gravity and/or the tension in the
anchor (7) with which the wind
7 turbine is attached to the sea bed.
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A wind turbine for use offshore

The present invention concerns a method and a device in connection with the use of
a wind turbine offshore, comprising a wind turbine connected via a shaft to a
generator, which is rotationally mounted on a tower, and a foundation underneath in

the form of a float or buoyancy element on which the tower is mounted.

Wind turbines are increasingly being installed offshore, partly on account of space
requirements and also to achieve optimally constant, exploitable wind conditions
(higher mean speed, lower turbulence, thinner interface than on land). At present,
they are mainly installed in shallow water where they can easily be placed on a
foundation that stands on the sea-bed. Such installations require that sufficient
shallow water areas are available. Along most of the coasts of the world and
particularly along the coast of Norway, the water is generally too deep to allow wind
turbines to be installed on the sea bed. The installation of wind turbines in shallow
water can also cause problems for the vessels that are to carry out the installation.
Most installation vessels will have a draught that is too great to allow them to operate

In depths up to 10 m.
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For these reasons, the use of floating supporting structures is a relevant solution. To
make this financially interesting, each turbine must have a high capacity, for example
in the order of 5 MW. With such a large output and by exploiting the wind properties
offshore, it is expected that floating supporting structures will be able to compete on

energy price with land-based installations.

The prior art concepts for floating supporting structures are usually based on a single
floating structure (for example a vertical column) that is anchored to the sea bed by
means of vertical stays (tethers) Other hull concepts are based on the technology for
semi-submersible platforms. These have been specially developed to have
favourable (small) motions in waves. A common feature of most of these prior art
wind turbine concepts is that the aim is to restrict the motion of the platform as much
as possible. Moreover, they are designed so that they can withstand extreme sea
conditions. The stricter the requirements made for the motion, the greater the forces
experienced in an exireme situation. The combinations of these requirements are
therefore. expensive and contribute to prior art sea-based wind turbine solutions

generally being unprofitable to date.

The present invention represents a method and a device in connection with an
offshore-based wind turbine solution in which the mounting is simple and
inexpensive, but which, at the same time, will be able to extract wave energy in

addition to the wind energy

The method and the device in accordance with the present invention are
characterised In that the float is anchored with mooring lines or stays (tethers) or is
hinged to the sea bed, and, as a consequence of the effect of the waves on the float,
the motion of the wind turbine will act as a damping mechanism for the motion and

thus extract energy from the waves.

By exploiting the motion of the platform in the waves, the wind turbine will be able to

produce more energy. This energy is thus extracted from the waves. The wind
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turbine will thus act as a damping mechanism for the motion and thus extract energy |
that would otherwise have been wasted. Both the pitch and sway motions will

contribute in this process.

How much energy that can be extracted form the waves is dependent on several
factors such as the design of the float (hull) or buoyancy element, mooring
charecteristics and mass distribution, I.e. the dynamic properties of the float. Further,
the amount of energy exiracted from the waves dependents on how the blades of
the wind turbine are controlled in relation to the instantaneous relative velocity of the
wind , i.e. the pitch control of the wind turbine blades. If the piich is kept constant,
the thrust and power coefficients are approximately constant.. On the other hand, if
the pitch is controlled such that the thrust and power coefficients increase with
iIncreasing relative wind velocity, then the energy absorption from the waves will

INncrease.

The maximum energy will be extracted from the waves if the system oscillates in
resonance with the waves. By designing the system such that the radiation damping
IS equal to the linearized damping form the wind turbine, the maximum theoretical
energy absorption is achieved. (The radiation damping is the damping that causes

the creation of out-going waves in water when a structure is moving)

The radiation damping is influenced by the geometrical design of the float or
buoyancy element. It is mainly a function of the radius of the float. At a given
frequency, the radiation damping in pitching (at head sea) is proportional to the fourth
power of the radius of the float. The damping of the turbine is dependent on the

average wind velocity, the radius of the turbine and the thrust coefficient.

However, energy can also be extracted from the waves when the float is oscillating at
non-resonant frequencies The resonance period in pitching can be adjusted, for
example by pumping ballast into and out of a tank. This will make it possible to adjust
the centre of gravity of the platform and / or the tension in the tether, The tether

tensionwill affect the resonance period for the system.

At low wind velocities in particular, when the turbine’s rated power production is not
achieved by the wind alone, the interaction with waves will induce additional energy

production.
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At high wind speeds (and correspondingly high waves), it will be possible to adjust
the system’s natural period to avoid resonance and thus reduce motion. This will also

make it possible to reduce the maximum loads on the system.

The present invention will be described in further detail in the following using

examples and with reference to the figures, where:

Fig. 1 shows a simple schematic diagram of a prior art wind turbine placed on the

sea bed.

Fig. 2 shows a simple schematic diagram of a prior art, floating wind turbine moored
to the sea bed. '

FIg. 3 shows a simple schematic diagram of a wind turbine in accordance with the

present invention, which is free to move in sway and pitch motion.

Figs. 4 - 7 show various curves associated with the output of the wind turbine, with

and without the effect of waves, based on theoretical calculations.

A wind turbine 1 comprises, in rough outline as shown in Figures 1 - 3, a wind turbine
2 connected via a shaft (not shown) to a generator 3, which is rotationally mounted
on a tower 4, and a supporting structure 5, 6, on which the tower is mounted. Fig. 1
shows a traditional wind turbine in which the tower 4 is mounted on a fixed structure
5 on the sea bed, while Fig. 2 shows a similar traditional wind turbine in which the
tower is mounted on an immersed float or buoyancy device 6 that is anchored to the

sea bed via mooring lines 7 and is consequently has very small motions .

As indicated above, the present invention is based on the theory that if the foundation
is allowed to have positive buoyancy and relatively high motion in the horizontal

plane Is accepted, the mooring can be made simpler and the structure probably less
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costly, while it also offers the potential for increased energy production. [n particular,
such a solution will be able to produce greater output in situations with a moderate
wind. If it is assumed that the waves generally come in the same direction as the
wind, the wind turbine will move forwards and backwards due to the motion of the
foundation (float) as shown in Fig. 3. This will result in a periodic motion of the wind
turbine, alternately with and against the wind. As the power output of the turbine is
roughly proportional to the cube of the relative speed between the wind turbine and
the air. (This is valid for turbines with fixed pitch, however, the exponent will vary for
turbines with variable pitch. This may either increased or reduce energy extraction
from the waves, depending upon the regulation strategy), This will result in additional

energy production. This additional energy is taken from the waves.

The theoretical basis of the idea shows how the interaction between the wind and
waves provides both increased energy production and reduced wave induced
movements relative to the movements without such interaction. Maximum power form
the waves is achieved.n when the resonance is exploited and when the damping due
to wave diffraction is “tuned” to the damping due to the wind turbine. However, it

should be added that resonance is not a requirement for the principle to work.

It seems inappropriate 0 go into the fundamental theoretical assessments and
calculations with regard to the present invention. In the following, therefore, examples

llustrating the present invention will just be shown.

To explain the present invention in further detail, it is easiest to assume a floating
wind turbine in which the float or foundation consists of a vertical cylinder with a
constant diameter as shown in Fig. 3. By adjusting the buoyancy, the weight and the
position of the centre of gravity, it is possible to make the system move in resonance
in virtually pure rotational motion (pitch) around a point between the water line and
the sea bed. In theory, it is possible to show how much energy it is possible to extract
from the waves and that it is optimal to have damping on account of the turbine effect
that is equal to the damping from waves (this applies when there is resonance). The
stay in the drawing shown in the figure may, in moderate depths of water, be
replaced by a hinged connection between the platform and the sea bed. Alternatively,

more conventional chain line anchoring may be used.
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The maximum mean output that can then be extracted from the waves at resonance

IS given by:

3 2 (r) p(r)
D _2l8<1, Bss' B, E_P_
Pa = 3= 3 (r) (r) Y C
w r r r
B55 + B: -+ Badd) T

Where r (rho) is the density of the water, g is the acceleration of gravity, £, (Zeta) is

the wave amplitude (regular mono-chromatic waves), w (omega) is the wave

frequency, assumed to be equal to the natural frequency of the pitch in this example,

B.? is the wave radiation damping in connection with resonance for the pitch motion, |
B” is the damping of the pitch motion on account of the wind force on the turbine

and B is the additional damping on account of, for example, the wind force on the

tower and viscous forces in the water. C, and C,. are respectively the power

coefficient and thrust coefficient for the wind turbine. The damping due to the wind

force on the turbine is given by:

B" = C, O.7TR*(z,— 7z )*U N

The turbines wind power coefficient C, has a theoretical maximum value of 16/27.

The corresponding value of the C, coefficient is 8/9. p,is the density of the air, R is

the diameter of the rotor, (z; — z) is the distance from the centre of the rotor to the

centre of the pitch motion and U, is the wind speed onto the rotor. The maximum

theoretical effect from the waves is achieved if B} = 0 and B = B™. This

{

maximum effect is given by:
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Figure 4 shows a typical output curve for a land-based wind turbine of moderate size
(600 kKW). As the figure shows, this turbine only achieves maximum output at a wind
speed of approximately 15 m/s and above. Offshore-based turbines will usually be
designed for higher wind speeds. By utilizingthe system’s dynamic properties
actively, it will be possible to extract more energy at wind velocities of less than

approximately 15 m/s.

Figure 5 shows a specific example of how much additional output can be achieved
from a turbine at various wind speeds. The broken curve shows the output achieved
by exploiting both wind and waves. The solid line shows the output when just wind is
exploited. In this example, a foundation with a radius of approximately 7 m and a
draught of 120 m is used. The rotor of the turbine has a radius of 40 m. This Is
equivalent to an offshore turbine with an output in the order of 5 MW. The system has
a pitch natural period of approximately 10 seconds. In the example, it is assumed
that the wave amplitude is proportional to the wind speed (0.5 metres wave
amplitude at 5 m/s wind speed, increasing to 2 metres wave amplitude at 20 m/s
wind speed) and that the system oscillates in resonance at approximately 10

seconds.

Figure 6 shows the relative increase in output from exploiting both wind and waves in
relation to just wind (the black lines). At 6 m/s more than 25% extra power output is
achieved when exploiting the wave energy in addition to the wind,compared to
exploiting the wind alone., The solid lines show how much of the wave power is
extracted in relation to the theoretical maximum. For other details, please see the
attachment.. In this example constant (fixed) thrust and power coefficients are used.

By using pitch control the power will increase.

A positive bi-effect of extracting energy from the waves is that the motions of the
system are reduced. In Fig. 7 is shown the angle of response In pitching per meter

wave amplitude for the system described above. The wave frequency is varied from
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0.02Hz to 0.25Hz. A constant wind velocity of 15 m/sec is used. The solid black line
shows the response in waves without the interactionwith the wind, while the broken

line shows the response when the interaction is included.

It should be noted that the present invention as it is defined in the claims is not
limited to the solution described above and shown in Fig. 3. The principle will also

function for other geometries of the float than a vertical cylinder.
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Claims

. Method in connection with the use of wind turbines offshore, comprising a wind

turbine (2) with blades connected via a shaft to a generator (3), which is
rotationally mounted on a tower (4), and a foundation underneath in the form of a
float) or hull (6) on which the tower (4) is mounted,
characterisedinthat

the float (6) floats freely and is moored via an anchor line, tether or link (7),
whereby, as a consequence of the effect of the waves on the float, the motion of
the wind turbine (2) will act as a damping mechanism on the motion and thus

extract energy from the waves.

. Method in accordance with claim 1,

characterised in that
the wind turbine’s resonance period is adjusted by adjusting the platform's centre
of gravity and/or the tension in the tether (7) with which the floatis attached to the

sea bed.

. Method in accordance with claim 2,

characterisedinthat
the wind turbine’s resonance period in pitch is adjusted by pumping ballast into

and out of a tank in the float (8).

. Method in accordance with claim 2,

characterised inthat
the resonance period is changed by liquid or solid ballast being moved vertically
In the float (6) or tower (4).

. Method in accordance with the preceding claims 1 — 4

characterisedinthat

the pitch of the blades of the wind turbine are controlled to achieve the proper

damping effect which again cause energy extraction from the waves.
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. A device in connection with the use of a wind turbine offshore, comprising a wind

turbine (2) connected via a shaft to a generator (3), which is rotationally mounted
on a tower (4), and a foundation underneath in the form of a float (6) on which the
tower (4) is mounted,

characterised inthat

the float (6) is designed to be anchored so that it can move almost freely in the
vertical plane, whereby, as a consequence of the effect of the waves on the float,
the motion of the wind turbine (2) is designed to act as a damping mechanism on

the motion and is thus able to exiract energy from the waves.

. A device in accordance with claim 6,

characterisedinthat
the wind turbine’s resonance period is designed to be adjusted by adjusting the
platform's centre of gravity and/or the tension in the tether (7) to which the float is

anchored.

. A device In accordance with claim 7,

characterisedinthat

the wind turbine’s resonance period in pitch is designed to be adjusted by

pumping ballast into and out of a tank in the float (6).

. A device In accordance with claim 7,

characterisedinthat
the resonance period is changed by liquid or solid ballast being designed to be

moved vertically in the float (6) or tower (4).

10. A device in accordance with claims 6 — 9

characterisedinthat
the blades of the wind turbine is designed to be adjusted to control the blade
pitch
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Fig .4 (Typical output of a wind turbine as a function of wind speed)
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Fig. 9 (Consequence on energy production by including wave powér. Black solid

line: wind energy only. Broken line: wind plus wave energy)
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Fig. 6 (Consequence on energy production by including wave power. Black line:

Ratio between energy produced from wind + waves and energy produced from

windalone. Red line: Proportion of the theoretical maximum wave energy exploited.

Dotted line: wave amplitude used. Radius of rotor: 40 m. Foundation radius: 6 m.
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Fig 7. (Pitch response in waves with and without interaction between wind and

waves)
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