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& (57) Abstract: A rotor for a wind turbine includes a hub (8) and at least one rotor blade (10), which is rotatably mounted on the hub
(g (8). The pitch angle of each rotor blade (10) or rotor blade part (111) is driven by a pitch drive comprising a direct drive (36). The
term direct drive is used for electric machines, which are directly coupled to the system load without the use of belts or gears. This
direct drive may also be used for a wind turbine’s yaw drive system. In this configuration a direct drive is used to rotate the wind
g turbine’s nacelle with respect to its tower.
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WIND TURBINE BLADE PITCH CHANGE BY MEANS OF ELECTRIC STEPPING MOTOR

The present invention relates generally to the rotor of a
wind turbine, and relates more particularly to a pitch drive

and a yaw drive system.

Wind turbines are used to generate electricity by
converting kinetic energy of an air stream into electric
energy. The set-up and the functional principle of a wind
turbine are described in conjunction with Fig. 2, (see also
Fig. 3.5 of E. Hau. "Wind Turbines", Springer, 2000). A
typical wind turbine includes a nacelle 102 mounted on a
tower 100 supported by a foundation 128. The nacelle 102
houses a drive train for transmitting the rotation of a
rotor 106 to a drive-shaft 118 of a generator 114. The drive
train includes a rotor shaft 104 that connects the rotor 106
to a gearbox 112 in order to increase the rotation of the
drive-shaft 118 of the generator 114. The drive-shaft 118 is
often called the high-speed shaft and the rotor shaft 104 is
known as the low-speed shaft. The rotor shaft 104 is
connected to the rotor’s hub 108, which generally supports
three rotor blades 110. The gearbox can be optionally
omitted thereby directly linking rotor 106 to generator 114.
This configuration is known as a direct drive generator.

The generator 114 feeds the generated electric energy into
the public grid via power cables 124 with a grid connection
126 containing electrical power devices like frequency
converter and / or transformer. Also it is possible that the
electrical energy will be directly consumed by consumers

without being fed to a public grid.
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When an incoming air stream 116 turns the rotor 106, the
wind’s kinetic energy is converted into rotational energy of
the rotor 106 and transmitted by the drive train to the
generator, which finally converts the rotational energy into
electric energy. When not in motion the rotor 106 may be
fixed in place by a brake 130 on the side of the high-speed
shaft.

The efficiency of a wind turbine depends on many
parameters including the orientation of the nacelle, or more
specifically the location of the rotor plane with respect to
the direction of the air stream. This is controlled by a
vaw drive 122 or azimuth-drive, which orients the nacelle
into the wind. In modern wind turbines electrical and
mechanical components form a yaw drive (DE 198 14 629; Tacke
Windenergie GmbH). More specifically, an electric high-speed
drive motor is coupled by a gear reducer having a drive
pinion gear engaging a bull gear. Usually the electric
drive motor, the gear reducer, and the drive pinion gear are
mounted on the nacelle’s bedplate 120 while the bull gear is
fixed to tower 100. For controlling the yaw-drive a wind-
measuring sensor is used, which is capable of measuring the

direction of the wind.

A similar configuration applies to a pitch drive 107 for
adjusting the pitch angle of each of the rotor blades 110.
This also dramatically affects the efficiency of the wind
turbine. At high wind speeds, the power captured from the
wind by the rotor will exceed the limits set by the wind
turbine's structural strength. Additionally, it is
important to maintain the rotor's speed either at a constant
value or within a given range. The most effective way of

influencing the pitch angle, which determines the
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aerodynamic angle of attack of the rotor blades and hence
the rotor's speed, is by mechanical adjustment of the rotor
blades. In general, each rotor blade is turned with the aid
of an actively controlled pitch drive along its longitudinal

axis.

Power control by changing the rotor blade's pitch angle
is possible through two principle methods. The most common
method is to change the rotor blade’s pitch angle to a
smaller angle of attack in order to reduce power capture.
Inversely, increasing the angle of attack increases the
power capture. This process allows sensitive and stable

control of the aerodynamic power capture and rotor speed.

The other method is to change the blade pitch angle to a
greater angle of attack to the point where the flow
separates at the rotor blade’s surface, thus limiting the

aerodynamic power capture. This effect is known as stall.

Usually, the pitch drive includes a gear reducer that
couples a high-speed electric drive motor with a drive
pinion gear. These components are installed in the hub of
the rotor. The drive pinion gear engages with a bull gear.
The drive pinion gear is mounted on the hub while the bull

gear is fixed to the rotor blade.

Although the configuration for the yaw drive and the
pitch drive is fairly robust and reliable, these devices
require continuous maintenance. In particular, abrasion of
the teeth of the drive pinion gear and constant oil delivery
for the gear reducer are critical maintenance issues. Due
to the wind turbine’s long life span of about 20 years, this

maintenance increases the cost of ownership. Further, the
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mechanical elasticity of the gear reducer impairs the

accuracy of the complete configuration.

As a result of the problems presented above it is an
object of the invention to improve the yaw drive and/or the
pitch drive of a wind turbine by reducing the amount of

required maintenance and improving their accuracy.

This object is attained by using a direct drive for the

pitch drive and/or for the yaw drive.

The pitch drive is part of the rotor of the wind turbine.
Therefore, the rotor includes a hub and at least one rotor
blade; and at least one blade pitch system for adjusting the
blade pitch angle of the entire rotor blade or a part of the

rotor blade, the blade pitch system includes a direct drive.

Typically, the entire rotor blade is rotatably mounted on
the hub for changing the pitch angle. Alternatively, only a
part of the rotor blade may be rotatably mounted. In this
case the rotor blade includes at least one fixed part and at
least one rotatable part, whereas the pitch angle of the
rotatable part can be adjusted by the direct drive. The
fixed part is rigidly attached to the hub.

The term 'direct drive' is used for electric machines,
typically electric motors, which can be directly coupled to
the system's load without the use of belts or gears or other
transmission / transformation devices. In particular, the
rotor blade or a part of it is rotated at the same
rotational speed that the direct drive provides.
Conventional pitch-drive systems include a high speed

electric motor which lacks adequate torque or resolution.
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In such systems, a gear-reducer is typically interposed
between the electric motor and the drive pinion gear for
increasing the torque and the resolution. In contrast
thereto, a direct drive provides sufficient torque and angle
resolution which allows a direct coupling to the rotor blade
without any mechanical means for increasing the torque, such
as gear reducers. Torque motors, variable-reluctance
machines (VRMs) or stepping motors are electric motors that
may be used as direct drives. One of the main advantages of
direct drives is their ability to provide a uniform moment
of torque regardless of the position of their rotors, and
the possibility of a precise and stepwise control of the
rotation. The stepwise rotation of the direct drive allows
a direct control of the pitch angle without using a gear-box

or other mechanical components.

The direct drive may include a driven rotor and a stator,
whereby the stator is attached to the hub and the driven
rotor is attached to the rotor blade. Typically, the stator
is used to generate a rotating or stepwise turning magnetic
field which drives the driven rotor. The term 'attached!'
may be understood as rigidly attached. However, it is not
necessary for the driven rotor to be directly attached to
the rotor blade, but it is required that a fixed linkage
exists between the driven rotor and the rotor blades or
parts of them. The same is true for the attachment of the

stator to the hub.

This configuration allows a directly driven rotation of
the rotor blade or blade portion without using a gear-
reducer, a drive pinion gear, or a bull gear; hence, the

maintenance cost is reduced. In particular, mechanical
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components such as the tooth system of the drive pinion
gear, bull gear and gear-reducer are not corroded or
abraded. Further, no permanent oil-delivery for the gear-
reducer is required. Additionally, high-speed drive-motors,
as typically used for conventional yaw and pitch drives, are
not required, including their high-speed bearings and
collectors (for a DC-drive). The overall advantage of this
configuration is that no additional mechanical components
for increasing the torque and the angle resolution are
required. Therefore, the pitch drive does not show any
mechanical elasticity problems which arise when using gears.
A precise and instant adjustment of the pitch angle can be
obtained by this configuration. In order to provide
sufficient torque, the diameter of the direct drive may
reach the diameter of the root of the rotor blade. The term
'root' typically describes that part of a rotor blade which
provides the linkage to the hub. Since the rotor blades can
be rotated around their longitudinal axis, the cross-section
of the root is usually circular. A typical diameter of a
root of a modern wind turbine may reach values of 2 to 3
meters. Giant off-shore wind-turbine dimensions often exceed
these values. Furthe;, direct drives of large dimensions
allow a higher angle resolution when adjusting the pitch
angle. Therefore, the driven rotor may have a ring-like or
a disc-like shape with a diameter which substantially equals
the diameter of the root of the rotor blade. The stator of
such large direct drives also have a ring-like shape and a

large inside opening.

The invention may also cover configurations where only
the gear reducer and the high-speed motor are replaced by a
direct drive. In this case, the driven rotor of the direct

drive is directly attached to the drive pinion gear. Since



10

15

20

25

30

WO 2005/019642 PCT/EP2003/009306

the gear transmission ratio of the drive pinion gear and the
bull gear may reach values up to ten or higher, smaller
direct drives can be used which may relax the weight
constraint of the rotor.

In a further embodiment of the invention the driven rotor
has a ring-like shape surrounding the stator. The
externally arranged driven rotor provides for easy
integration into existing rotor designs. In particular, if
the external diameter of the driven rotor roughly meets the
diameter of the root of the rotor blade, the driven rotor
can be directly attached to the root of the rotor blade.
However, it is also possible to use a configuration with an

internal driven rotor.

A further aspect of the invention involves a pitch
bearing that is interposed between the hub and the rotor
blade. The pitch bearing typically includes an inner and an
outer ring. In some configurations, the outer ring is
attached to the hub and the rotor blade is attached to the
driven rotor via the inner ring. In this particular
configuration, the driven rotor is not directly attached to
the rotor blade because the inner ring of the pitch bearing

is fixed between them.

Another aspect of the invention relates to a brake, which
maintaing the rotor blade in a given pitch angle position.
Although the direct drive provides sufficient torque to keep
the rotor blade in a desired position, an additional
mechanical brake ensures a reliable fixation of the rotor
blade even if the direct drive malfunctions. The brake may
include a typically “ring-shaped” brake disc attached to the

rotor blade and a brake caliper attached to the hub.
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The rotor may further include a sensor for determining
the rotor blade’s pitch angle. This sensor is usually

integrated into a feed-back control.

Tn a further possible configuration of the direct drive
according to the present invention, the stator includes a
plurality of poles, each pole having at least one electric
coil for generating a magnetic field. The driven rotor,
which surrounds the stator, includes a plurality of
permanent magnets. This brushless configuration is very
reliable and does not require any maintenance. Further, by
raising the number of poles and/or permanent magnets the

angle resolution of the direct drive increases.

A desired configuration therefore includes a plurality of
permanent magnets attached in a ring-like shaped manner to
each of the rotor blades. On the other hand, the poles
having electric coils which are attached to the hub in a
ring-like shaped manner as well. For each rotor blade a

separate ring of poles is provided.

The present invention is suitable for any type of rotor,
particularly for rotors comprising three rotor blades and
three blade pitch systems. Each of the three blade pitch

systems is assigned to one of the three rotor blades.

Concerning the yaw drive system, a configuration similar
to that of the pitch-drive applies. However, instead of
using a direct drive in the rotor to adjust the pitch angle
of the rotor blade, the direct drive is used to adjust the
yvaw angle of the nacelle with respect to the tower. The same
advantages outlined with respect to the pitch drive

configuration discussed above, also apply to the yaw drive



10

15

20

25

30

WO 2005/019642 PCT/EP2003/009306

system. Furthermore, all of the embodiments of the pitch
drive system apply to the yaw drive system and are

reiterated below.

The wind turbine includes a tower and a nacelle, the
nacelle is rotatably mounted on the tower for changing the
nacelle's yaw angle; and a yaw drive system for turning the
nacelle with respect to the tower, where the the yaw drive
system includes a direct drive. The driven rotor of the
direct drive can either be attached to the nacelle or to the

drive pinion gear.

In an embodiment of the invention the direct drive
includes a driven rotor and a stator, the stator is attached
to the tower whereas the driven rotor is attached to the
nacelle. The driven rotor of the yaw drive may have a ring-
like shape and surround the stator. A bearing is optionally
interposed between the tower and the nacelle, whereas the

bearing includes an inner and an outer ring.

In another configuration also similar to that of the
pitch drive, the outer ring of the bearing may be fixed to
the tower, whereas the nacelle and the driven rotor are
attached via the inner ring. However, the reverse

configuration is also possible.

The wind turbine may include a sensor for determining the

nacelle’s yaw angle.

The direct drive may include a plurality of poles, each
pole having electric coils for generating a magnetic field,
where the driven rotor would include a plurality of

permanent magnets.
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In an embodiment of the invention the yaw drive and the

pitch drives of the wind turbine include a direct drive.

A full and enabling disclosure of the present invention,
including the best mode thereof, to one of ordinary skill in
the art, is set forth more particularly in the remainder of
the specification, including reference to the accompanying

figures wherein:

Fig. 1 shows a cross section of a rotor comprising a hub
and a rotor blade along the longitudinal axis of the rotor
blade;

Fig. 2 shows a top view of a torque motor used as direct
drive;

Fig. 3 shows an example of a modern wind turbine; and

Figure 4 shows a divided rotor blade with pitch angle

adjustment of only a part of the rotor blade.

Figure 3 illustrates a principle set-up of a modern

turbine which was already explained above.

Reference will now be made in detail to the presently
preferred embodiments of the invention, one or more examples
of which are illustrated in the drawings. Each example is
provided by way of explanation of the invention, and is not
meant as a limitation of the invention. For example,
features illustrated or described as part of one embodiment
can be used on or in conjunction with other embodiments to
yield yet a further embodiment. It is intended that the

present invention include such modifications and variations.
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Figure 1 shows a part of a rotor of a wind turbine
comprising a hub 8 and a rotor blade 10. The rotor blade 10
is rotatably mounted on its root end via a pitch bearing 26.
In figure 1 only the attached end of rotor blade 10 is
indicated. The bearing 26 includes an inner ring 1 and an
outer ring 9. Inner ring 1 is fixed to the rotor blade 10
while outer ring 9 is attached to hub 8 by bolts 32. Since
the rotor blade, which may have a length of several tens of
meters, is only attached on its root end, the connection
between the rotor blade and the inner ring should be
sufficiently strong. In this embodiment bolts 30 are used
to fix rotor blade 10 to inner ring 9 which may extend into
rotor blade 10 to provide a reliable connection. Balls or
rollers 34 interposed between the inner and outer ring allow
a rotation of inner ring 1 with respect to outer ring 9 free

from play.

As indicated in Figure 2, a plurality of permanent
magnets 3 are attached to the inner wall of inner ring 1 in
a circular or ring-shaped arrangement. An optional ring 2
of a material with a high magnetic permeability is provided
between inner ring 1 and permanent magnets 3 (circular rotor
bar) for constraining the magnetic field generated by
permanent magnets 3. The magnetic flux thus forms closed
loops passing through ring 2 and the air gap 4 as further
described later. If ring 2 is omitted, inner ring 1 acts as

confinement for the magnetic flux.

Disposed from permanent magnets 3, a ring 6 comprising a
plurality of poles 24 with coils 5 is attached to hub 8 by
bolts 7. The outer diameter of ring 6 defined by the outer
surfaces of the poles 24 is slightly smaller than the free

inner diameter of the circular arrangement of permanent
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magnets 3 to allow a small air gap 4 between the poles 24

and the permanent magnets 3.

The permanent magnets 3 and ring 2 form, in this
particular embodiment, the driven rotor 22 of the direct
drive 36 while ring 6 with poles 24 and coils 5 are part of
the stator 20. Such a configuration is known as torque
motor. The number of poles and the number of permanent
magnets may vary, but a sufficiently great number is
preferred to increase the angle resolution of the direct
drive 36. As a rule of thumb, by increasing the diameter of
the direct drive a high number of poles and of permanent
magnets can be arranged. It should be noted that the number
of poles and magnets are usually not equal. Due to the high
number of poles and magnets the direct drive 36 provides
sufficient torque to directly turn the rotor blade 10. No
additional mechanical means for increasing the torque are
required, leading to a reliable pitch drive with no

additional need for maintenance.

The described direct drive is a brushless torque motor or
stepping motor comprising a plurality of permanent magnets
on the driven rotor side and a plurality of poles with coils
on the stator side. Rotor conductors are not required
because torque is produced by the tendency of the driven
rotor to align with the stator-produced magnetic flux in
such a fashion as to maximize the stator flux linkage that
results from a given applied stator current. Howe&er, other
configurations can be used as long as direct drive 36 can
provide sufficient torque to directly couple the driven

rotor with the rotor blade.
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In contrast to many standard electric motors, a direct
drive needs to be actively controlled. Depending on the
configuration, coils can be controlled individually or as a
group. An individual control gives the highest angle
resolution. A straightforward control includes switches
such as transistors or thyristors assigned to each coil for
independently applying a current of different phase. By
sequentially exciting the coils, the driven rotor will
rotate in a step-wise fashion, rotating through a specific
angle per step. The angle strongly depends on the number of
poles. For a proper control of rotation and torque, the
current must be applied in a fashion consistent with the
rotor position. To this end, direct drives typically
include some sort of rotor-position sensing (encoder) as

well as a controller.

Despite the rotational mode, the direct drive can be
driven in a torque mode as well. In this mode, the applied
currents generate a magnetic field which is aligned to the
magnetic field of the permanent magnets. The magnetic flux
linkage between driven rotor and stator is therefore at its
maximum value. Depending on the strength of the magnetic
fields, the driven rotor is kept in a given position even if
an external momentum is applied. The direct drive acts as
an electronic brake to keep the rotor blade in a given

angular position.

Besides the configuration of the driven rotor 22 just
outlined, other configurations are suitable as well. For
instance, the driven rotor can be a ring of a material with
a high magnetic permeability comprising a plurality of
saliency on its inner wall facing the stator 20. The

turning of the driven rotor is caused by the tendency of the
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magnetic material to align with the magnetic field generated
by the coils of stator 20 to maximize the magnetic flux
linkage between driven rotor and stator. Different
geometrical shapes of the inner ring wall may be used to

enhance this tendency.

Although torque motors provide sufficient torque for
keeping the rotor blade in a desired angular position, an
optional mechanical brake 28 is attached to hub 8 for an
additional mechanical fixation of the rotor blade, or in the
event of a malfunction of the direct drive 36. Brake 28
includes a ring-shaped brake disc 11 fixed to the inner wall

of rotor blade 10 and a caliper 12 attached to hub 8.

Further, for controlling the angular position of rotor
blade 8, a sensor 13 is mounted to hub 8. Sensor 13 can be,
for instance, a Ferraris-Sensor for detecting eddy currents
induced in brake disc 11. Alternatively, controlling of the
angular position can be done by the position sensor of

direct drive 36.

Fig. 3 shows a typical three-blade wind turbine with a
pitch drive 107. Instead of having a conventional pitch
drive, a direct drive 36as described above is used in such
wind turbines. The described rotor with a pitch drive can
be used for any type of wind turbine and is not restricted

to a three-blade wind turbine.

Figure 4 shows a divided rotor blade on which the pitch
angle can be set by a direct drive for the outer part 110a
(rotatable part) of a rotor blade 10 while the inner part
110b remains fixed. This embodiment of the invention allows

to pitch only a part or a segment of a rotor blade instead
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of turning the entire blade around its mainly longitudinal

axis.

A yaw drive comprising a direct drive 36 may have the
same general set-up as described in conjunction with the
pitch drive with the exception that hub 8 would be the tower

and rotor blade 10 the nacelle.

Having thus described the invention in detail, it should
be apparent that various modifications can be made in the
present invention without departing from the spirit and scope
of the following claims. Other configurations contemplated
as within the scope of the invention include external driven
rotors. In particular, gearless wind turbines, which have a
direct connection between rotor and the drive shaft of the
generator, may also be equipped with the described pitch and

yaw drive.
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Claims

1. Rotor for a wind turbine comprising

a hub (8) and at least one rotor blade (10); and

at least one blade pitch system for adjusting the blade
pitch angle of said entire rotor blade (10) or a part of
said rotor blade (10), said blade pitch system comprises a

direct drive (36).

2. Rotor according to claim 1,

characterized in that

the direct drive (36) comprises a driven rotor (22) and a
stator (20), said stator (20) is attached to said hub (8)
whereas said driven rotor (22) is attached to said rotor
blade (10).

3. Rotor according to claim 1 or 2,
characterized in that
said driven rotor (22) has a ring-like shape surrounding

the stator (20).

4, Rotor according to any one of the claims 1 to 3,
characterized in that
said rotor comprises a pitch bearing (26) interposed

between said hub (8) and said rotor blade (10).

5. Rotor according to claim 4,

characterized in that

said pitch bearing (26) comprises an inner and outer ring
(1, 9);

said outer ring (9) is attached to said hub (8),

said rotor blade (10) and said driven rotor (22) are

attached via said inner ring (1).
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6. Rotor according to any one of the claims 1 to 5,
characterized in that
the rotor comprises a brake (28) for keeping said rotor

blade (10) in a given pitch angle position.

7. Rotor according claim 6,

characterized in that

said brake (28) comprises a ring-shaped brake disc (11)
attached to said rotor blade (10) and a brake caliper (12)
attached to said hub.

8. Rotor according to any one of the claims 1 to 7,
characterized in that
said rotor comprises a sensor (13) to determine said

rotor blade’s pitch angle.

9. Rotor according to any one of the claims 1 to 8,

characterized in that

said stator comprises a plurality of poles (24), each
pole having at least one electric coil (5) for generating a

magnetic field.

10. Rotor according to any one of the claims 1 to 9,
characterized in that
said driven rotor (22) comprises a plurality of permanent

magnets (3).

11. Rotor according to any one of the claims 1 to 10,
characterized in that
said rotor blade (10) comprises at least one fixed part

(110b) and at least one rotatable part (110a), whereas the
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pitch angle of said rotatable part is adjusted by the direct

drive.

12. Rotor according to any one of the claims 1 to 11,

characterized in that

said rotor comprises three rotor blades and three blade
pitch systems, each of said three blade pitch systems is

assigned to one of said three rotor blades.

13. Wind turbine comprising

a tower (100) and a nacelle (102), said nacelle is
rotatably mounted on said tower (100) for changing the
nacelle's yaw angle; and

a yaw drive system for turning said nacelle (102) with
respect to said tower (100), said yaw drive system

comprising a direct drive (36).

14. Wind turbine according to claim 13,

characterized in that

the direct drive (36) comprises a driven rotor (22) and a
stator (20), said stator (20) is attached to said tower
(100) whereas said driven rotor (22) is attached to said

nacelle (102).

15. Wind turbine according to claims 13 or 14,
characterized in that
said driven rotor (22) has a ring-like shape surrounding

the stator (20).

16. wWind turbine according to any one of the claims 13
to 15,

characterized in that
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said wind turbine comprises a bearing (26) interposed

between said tower (100) and said nacelle (102).

17. Wind turbine according to claim 16,

characterized in that

said bearing (26) comprises an inner and an outer ring
(1, 9);

said outer ring (9) is fixed to said tower (100),

said nacelle (102) and said driven rotor (22) are

attached via said inner ring (1).

18. Wind turbine according to any one of the claims 13
to 17,

characterized in that

said wind turbine comprises a sensor to determine the

nacelle's yaw angle.

19. Wind turbine according to any one of the claims 13
to 18,

characterized in that

said stator comprises a plurality of poles (24), each
pole having at least one electric coil (5) for generating a

magnetic field.

20. Wind turbine according to any one of the claims 13
to 19,

characterized in that

said driven rotor (22) comprises a plurality of permanent

magnets (3).

21. Wind turbine according to any one of the claims 13
to 20,

characterized in that
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said wind turbine comprises a rotor according to any one

of the claims 1 to 12.
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