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Description

Technical Field

[0001] This application relates generally to wind tur-
bines and, more particularly, to a convertible bearing de-
sign for a wind turbine and a method for operating a wind
turbine having such a convertible bearing.

Background

[0002] Wind turbines are used to produce electrical en-
ergy using a renewable resource and without combusting
a fossil fuel. Generally, a wind turbine converts kinetic
energy from the wind into mechanical energy and then
subsequently converts the mechanical energy into elec-
trical power. A horizontal-axis wind turbine includes a
tower, a nacelle located at the apex of the tower, and a
rotor that is supported in the nacelle. The rotor is coupled
either directly or indirectly with a generator, which is
housed inside the nacelle.
[0003] A typical modern wind turbine has many moving
parts that facilitate converting the kinetic energy of the
wind into electrical energy. As such, a wind turbine typ-
ically includes many bearings that provide relative move-
ment between adjacent parts in a relatively efficient, low-
friction manner. For example, in most wind turbines a
"main shaft" extends from the rotor and into the nacelle
and is supported by one or more "main bearings." Addi-
tionally, the gearbox in the nacelle that steps up the an-
gular speed of the main shaft includes several bearings.
Furthermore, the yaw control system that rotates the na-
celle relative to the tower to turn the rotor into/out of the
wind, and the pitch control system that rotates the blades
about their longitudinal axis also include various bearings
that allow for enhanced operation of the wind turbine.
[0004] Conventionally, these bearings are configured
as roller element bearings characterized by having a
structural element (e.g., a ball bearing) disposed be-
tween the two components which are moving relative to
one another. Roller element bearings fail for any number
of reasons, but ultimately their life is limited by surface
fatigue and wear. Such limited-life components require
regular maintenance so as to avoid larger scale failure
modes. The replacement parts and maintenance for such
limited-life components increase the overall costs of op-
erating a wind turbine. Accordingly, wind turbine and
bearing manufacturers strive for improved or alternate
designs that extend the operating life of the bearings.
[0005] Plain bearings are generally known in the art as
having a long operating life. The main reason for this is
that, unlike roller element bearings, plain bearings do not
have any structural element disposed between the two
relative moving components, but instead have only a fluid
film disposed therebetween. Thus, the wear and fatigue
issues associated with roller elements, as well as the
costs associated with their replacement and mainte-
nance, may be avoided. Consequently, plain bearings

appear to provide an attractive alternative to roller ele-
ment bearings. Additionally, plain bearings are designed
to eliminate surface-to-surface contact and thus operate
with even lower friction, which may further increase effi-
ciency.
[0006] There are two primary types of plain bearings
for supporting shafts: hydrostatic bearings and hydrody-
namic bearings, each typically having a rigid housing with
an inner surface opening (the bearing) closely fitted
around the shaft (the journal) and a fluid film between
the journal and the bearing. In a hydrodynamic bearing,
the rotation of the journal self-pressurizes the fluid film
in a wedge between confronting journal and bearing sur-
faces so as to support the load and maintain the journal
separate from the bearing. Hydrostatic bearings, on the
other hand, include an external pump that pressurizes
the fluid film around the journal (independent of the shaft
dynamics) to support the load and maintain the journal
separate from the bearing. These bearings, while having
certain desirable attributes, also have certain drawbacks
that have made their implementation within the wind tur-
bine industry rather limited.
[0007] In this regard, and in reference to hydrodynamic
bearings, unless the journal is rotating with sufficient
speed, the fluid film may not be able to fully support the
load and maintain the journal separate from the bearing.
In this case, the hydrodynamic bearing does not operate
in a full-film condition, but instead operates in a boundary
condition, wherein the load is partially carried by the fluid
film and partially carried by direct surface contact with
the bearing. Operating a hydrodynamic bearing in a
boundary condition can cause wear or damage that may
significantly shorten the operating life of the bearing.
[0008] Hydrostatic bearings, on the other hand, are ca-
pable of supporting the load even when the journal is
rotating slowly or not at all. However, to effectuate exter-
nal pressurization of the fluid film, hydrostatic bearings
include a number of pockets or cavities typically formed
in the bearing surface which are supplied with lubricating
fluid (e.g., oil, grease, etc.) from an external reservoir and
pressurized by an external pump. Hydrostatic bearings,
while ensuring sufficient pressurization to support the
load and provide separation of the journal and bearing,
have reduced operating efficiency as compared to, for
example, hydrodynamic bearings. In this regard, the
pockets formed in the bearing surface create drag or oth-
erwise affect the film hydrodynamics in a negative man-
ner. This effect becomes pronounced when the journal
is rotating at a relatively high speed which would other-
wise support the load by the hydrodynamics alone.
[0009] Wind turbines rely on the wind and consequent-
ly, have a wide operating range, from being in a stand
still mode (no rotation of the rotor, main shaft, gears, etc.),
to operating at relatively low angular velocities of the var-
ious shafts and mechanisms under, for example, low
wind conditions, and to operating at relatively high angu-
lar velocities under, for example, high wind conditions.
Due to the unpredictability of the wind, start-up and shut-
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downs that occur with wind turbines, and the resultant
range of operating conditions, manufacturers have tra-
ditionally relied on roller element bearings in wind turbine
designs.
[0010] While roller element bearings are adequate for
their intended purpose, manufacturers continually strive
to improve the design, operating costs, and functionality
of wind turbines. To this end, it would be desirable to
utilize plain bearings instead of roller element bearings
in wind turbine designs to increase the operating life of
the bearings and decrease the costs associated with re-
placement and maintenance of roller element bearings.
[0011] In US 4,322,116 a hydrodynamic bearing for
supporting a rotary member has a bearing gap between
the rotary member and the bearing and which is occupied
by fluid. Hydrodynamic pressure in the gap is monitored
by a sensor which is coupled to a starting aid that is re-
sponsive to variations in the hydrodynamic pressure to
switch on and off a starting aid.
[0012] EP 2 101 071 discloses a device comprising a
support structure and a rotating shaft, which rotating shaft
and support structure are supported against each other
by means of at least one hydrodynamic rotary bearing.
[0013] SU 985 496 discloses a method of preparing
hybrid sliding bearing with rotary insertion for operation.

Summary

[0014] Embodiments in accordance with the invention
address these and other deficiencies in conventional
plain bearings. In this regard, a plain bearing assembly
for a wind turbine, which is configured to receive a shaft
therein, includes a bearing housing having a passageway
configured to receive the shaft and a bearing surface
defining the passageway and configured to confront the
shaft when the shaft is received in the passageway. The
bearing surface includes a stationary portion and a mov-
able portion. The bearing assembly further includes a
movable member coupled to the bearing housing which
defines the movable portion of the bearing surface. The
movable member is selectively movable between a first
position and a second position. In the first position, the
movable portion of the bearing surface is flush with the
stationary portion of the bearing surface such that the
bearing surface presents a substantially smooth topolo-
gy. In the second position, the movable portion of the
bearing surface is spaced away from the stationary por-
tion of the bearing surface so as to define a fluid cavity
in the bearing surface.
[0015] In one embodiment, a port may be formed in
the movable member which is open to the movable por-
tion of the bearing surface. A pump is operatively coupled
to the port and is configured to be in fluid communication
with the fluid cavity when the movable member is in the
first position. A port may also be formed in the stationary
portion of the bearing surface, such as in a shallow
groove formed therein. A fluid reservoir is operatively
coupled to the port for supplying fluid to the bearing as-

sembly. An actuator is operatively coupled to the mova-
ble member for moving the movable member between
the first and second positions. In one embodiment, the
bearing assembly may be the main bearing assembly of
the wind turbine. The bearing assembly may be config-
ured as a cylindrical plain bearing, a spherical plain bear-
ing, or a truncated spherical plain bearing in various em-
bodiments in accordance with aspects of the invention.
[0016] According to the invention, a controller may be
operatively coupled to the movable member, such as for
example through the actuator, so as to control the move-
ment of the movable member between the first and sec-
ond positions. A sensor may be operatively coupled to
the controller and configured to sense a dynamic condi-
tion of the shaft. The controller is configured to position
the movable member in the first position when the sensor
senses a first dynamic condition and position the mova-
ble member in the second position when the sensor sens-
es a second dynamic condition. The sensor senses the
angular velocity of the shaft and positions the movable
member in the first position when the angular velocity is
greater than a threshold value and positions the movable
member in the second position when the angular velocity
is less than the threshold value.
[0017] In accordance with another embodiment, a con-
vertible plain bearing assembly for a wind turbine is se-
lectively convertible between a first operating mode and
a second operating mode. The bearing assembly oper-
ates as a hydrostatic bearing in the first operating mode
and operates as a hydrodynamic bearing in the second
operating mode. The bearing assembly may be the main
bearing assembly of the wind turbine and may further be
configured as a cylindrical plain bearing, a spherical plain
bearing, or a truncated spherical plain bearing.
[0018] In still a further embodiment, a wind turbine in-
cludes a tower, a nacelle located adjacent the top of the
tower, a rotor having a plurality of blades, a main rotary
shaft coupled to the rotor and extending within the na-
celle, and a main bearing assembly positioned in the na-
celle and configured to support the main rotary shaft. The
bearing assembly includes a bearing housing having a
passageway configured to receive the shaft and a bear-
ing surface defining the passageway and configured to
confront the shaft when the shaft is received in the pas-
sageway. The bearing surface includes a stationary por-
tion and a movable portion. The bearing assembly further
includes a movable member coupled to the bearing hous-
ing and defining the movable portion of the bearing hous-
ing. The movable member is selectively movable be-
tween a first position and a second position. In the first
position, the movable portion of the bearing surface is
flush with the stationary portion of the bearing surface
such that the bearing surface presents a substantially
smooth topology. In the second position, the movable
portion of the bearing surface is spaced away from the
stationary portion of the bearing surface so as to define
a fluid cavity in the bearing surface.
[0019] In yet a further embodiment in accordance with
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aspects of the invention, a method for operating a plain
bearing assembly of a wind turbine includes configuring
the plain bearing assembly to operate in a first operating
mode; operating the plain bearing assembly in the first
operating mode; configuring the plain bearing assembly
to operate in a second operating mode; and operating
the plain bearing assembly in the second operating
mode. In accordance with the method, the configuring
steps occur during operation of the wind turbine. In one
embodiment, operating the plain bearing assembly in the
first operating mode includes operating the plain bearing
assembly as a hydrodynamic plain bearing, and operat-
ing the plain bearing assembly in the second operating
mode includes operating the plain bearing assembly as
a hydrostatic plain bearing.
[0020] In one embodiment, the bearing surface in-
cludes a stationary portion and a movable portion defined
by a movable member. In such an embodiment, config-
uring the plain bearing assembly to operate in the first
operating mode includes moving the movable member
to a first position such that the movable portion of the
bearing surface is flush with the station portion of the
bearing surface to present a substantially smooth topol-
ogy to the bearing surface. Moreover, configuring the
plain bearing assembly to operate in the second operat-
ing mode includes moving the movable member to a sec-
ond position such that the movable portion is spaced from
the stationary portion to define a fluid cavity in the bearing
surface.
[0021] The method further includes, monitoring the dy-
namic condition of the shaft. According to the invention,
configuring the plain bearing assembly to operate in the
first or second mode depends on the dynamic condition
of the shaft. The plain bearing assembly is configured to
operate in the first operating mode when the angular ve-
locity of the shaft is greater than a threshold value. The
plain bearing assembly, however, is configured to oper-
ate in the second operating mode when the angular ve-
locity of the shaft is less than the threshold value.
[0022] In another embodiment, a method of operating
a wind turbine having a plain bearing assembly includes
operating the plain bearing assembly as a hydrostatic
plain bearing during low dynamic conditions and operat-
ing the plain bearing assembly as a hydrostatic plain
bearing during high dynamic conditions. The method may
further include establishing a criteria between low dy-
namic conditions and high dynamic conditions and con-
verting the operation of the plain bearing assembly from
one operating mode to the other when the criteria is met.

Brief Description of the Drawings

[0023] The accompanying drawings, which are incor-
porated in and constitute a part of this specification, il-
lustrate various embodiments of the invention and, to-
gether with a general description of the invention given
above and the detailed description of the embodiments
given below, serve to explain the embodiments of the

invention.

Fig. 1 is a diagrammatic view of a wind turbine;
Fig. 2 is a perspective view of a portion of the wind
turbine of Fig. 1 in which the nacelle is partially bro-
ken away to expose a generator and other structures
housed inside the nacelle;
Fig. 3 is a perspective view of a main bearing as-
sembly for a wind turbine;
Fig. 4A is a cross-sectional view of a convertible main
bearing assembly in accordance with one embodi-
ment of the invention in a hydrodynamic operating
mode;
Fig. 4B is another cross-sectional view of the con-
vertible main bearing assembly shown in Fig. 4A;
Fig. 5A is a cross-sectional view of the convertible
main bearing assembly shown in Fig. 4A in a hydro-
static operating mode;
Fig. 5B is another cross-sectional view of the con-
vertible main bearing assembly shown in Fig. 5A;
Fig. 6 is a diagrammatic illustration of performance
of hydrostatic bearings, hydrodynamic bearings, and
a convertible bearing in accordance with embodi-
ments of the invention;
Fig. 7 is a partial cross-sectional view of a convertible
main bearing assembly in accordance with another
embodiment of the invention in a hydrodynamic op-
erating mode;
Fig. 8 is a partial cross-sectional view of a convertible
main bearing assembly in accordance with yet an-
other embodiment of the invention in a hydrodynamic
operating mode;
Fig. 9 is a partial cross-sectional view of a convertible
main bearing assembly in accordance with still an-
other embodiment of the invention in a hydrodynamic
operating mode;
Fig. 10 is a partial cross-sectional view of a convert-
ible main bearing assembly in accordance with an-
other embodiment of the invention in a hydrodynamic
operating mode;
Fig. 11A is a diagrammatic illustration of a hydrostat-
ic plain bearing having a fluid cavity with a rectan-
gular configuration;
Fig. 11B is a diagrammatic illustration of another hy-
drostatic plain bearing having a fluid cavity with an
arcuate configuration;
Fig. 11C is a diagrammatic illustration of yet another
hydrostatic plain bearing having a fluid cavity with a
wedge configuration;
Fig. 12A is a partial perspective view of a cylindrical
hydrostatic main bearing assembly for a wind turbine
in accordance with another embodiment of the in-
vention;
Fig. 12B is a cross-sectional view of the hydrostatic
main bearing assembly of Fig. 12A taken generally
along line 12B-12B;
Fig. 12C is a cross-sectional view of the hydrostatic
main bearing assembly of Fig. 12B taken generally
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along line 12C-12C;
Fig. 13A is a partial cross-sectional view of a spher-
ical hydrostatic main bearing assembly for a wind
turbine in accordance with another embodiment of
the invention;
Fig. 13B is another cross-sectional view of the hy-
drostatic main bearing assembly of Fig. 13A taken
generally along line 13B-13B;
Fig. 13C is another cross-sectional view of the hy-
drostatic main bearing assembly of Fig. 13A taken
generally along line 13C-13C;
Fig. 14 is a flow chart illustrating the logic of a control
system for a wind turbine in accordance with another
embodiment of the invention;
Fig. 15 is a partial cross-sectional view of a convert-
ible main bearing assembly similar to that shown in
Fig. 10, but having load cells for monitoring the load
on the wind turbine shaft; and
Fig. 16 is a partial cross-sectional view of a convert-
ible main bearing assembly similar to that shown in
Fig. 7, but having sensors for monitoring the load on
the wind turbine shaft.

Detailed Description

[0024] With reference to Figs. 1 and 2 and in accord-
ance with an embodiment of the invention, a wind turbine
10 includes a tower 12, a nacelle 14 disposed at the apex
of the tower 12, and a rotor 16 operatively coupled to a
generator 18 housed inside the nacelle 14. In addition to
the generator 18, the nacelle 14 houses miscellaneous
components required for converting wind energy into
electrical energy and various components needed to op-
erate, control, and optimize the performance of the wind
turbine 10, some of which will be discussed in more detail
below. The tower 12 supports the load presented by the
nacelle 14, the rotor 16, and other components of the
wind turbine 10 that are housed inside the nacelle 14.
The tower 12 of the wind turbine 10 also operates to
elevate the nacelle 14 and rotor 16 to a height above
ground level or sea level, as may be the case, at which
faster moving air currents of lower turbulence are typi-
cally found.
[0025] The rotor 16 of the wind turbine 10, which is
represented as a horizontal-axis wind turbine, serves as
the prime mover for the electromechanical system. Wind
exceeding a minimum level will activate the rotor 16 and
cause rotation in a direction substantially perpendicular
to the wind direction. The rotor 16 of wind turbine 10
includes a central hub 20 and a plurality of blades 22 that
project outwardly from the central hub 20 at locations
circumferentially distributed thereabout. In the represent-
ative embodiment, the rotor 16 includes three blades 22,
but the number may vary. The blades 22 are configured
to interact with the passing air flow to produce lift that
causes the central hub 20 to spin about a longitudinal
axis 24. The design and construction of the blades 22
are familiar to a person having ordinary skill in the art and

will not be further described.
[0026] The rotor 16 is mounted on an end of a main
rotary shaft 26 that extends into the nacelle 14 and is
rotatably supported therein by a main bearing assembly
28 coupled to the framework of the nacelle 14. The main
rotary shaft 26 is coupled to a gearbox 30 having as an
input the relatively low angular velocity main rotary shaft
26, and having as an output a higher angular velocity
secondary rotary shaft 32 that is operatively coupled to
the generator 18.
[0027] The wind turbine 10 may be included among a
collection of similar wind turbines belonging to a wind
farm or wind park that serves as a power generating plant
connected by transmission lines with a power grid, such
as a three-phase alternating current (AC) power grid. The
power grid generally consists of a network of power sta-
tions, transmission circuits, and substations coupled by
a network of transmission lines that transmit the power
to loads in the form of end users and other customers of
electrical utilities. Under normal circumstances, the elec-
trical power is supplied from the generator 18 to the power
grid as known to a person having ordinary skill in the art.
[0028] In accordance with aspects of the invention, the
main bearing assembly 28 is not of the roller element
type, which is conventional, but is designed as a plain
bearing. More particularly, in one embodiment, the main
bearing assembly 28 is characterized as being a con-
vertible plain bearing. Accordingly, the main bearing as-
sembly 28 includes operating modes characterized by
both hydrodynamic and hydrostatic plain bearings and
may be selectively converted between a hydrodynamic
operating mode and a hydrostatic operating mode. The
ability to convert between these different operating
modes allows the main bearing assembly 28 to take ad-
vantage of the benefits offered by hydrodynamic or hy-
drostatic bearings, while eliminating or minimizing the
various drawbacks associated with each of these types
of bearings.
[0029] To this end, and in reference to Figs. 3-5B, the
main bearing assembly 28 includes a bearing housing or
shell 34 having an open passageway 36 therethrough
and one or more mounts 38 configured to fixedly secure
the main bearing assembly 28 to the framework of the
nacelle 14. Passageway 36 is configured to receive a
main bearing insert 42 therein that includes a passage-
way 44 defined by an internal bearing wall or surface 46
configured to closely receive the main rotary shaft 26
therethrough. In alternative embodiments, the main bear-
ing insert 42 may be integrally formed with bearing hous-
ing 34 to define bearing surface 46 instead of being a
separate component thereof.
[0030] The main bearing assembly 28 may further in-
clude elements, including various seals 48, a seal cap
50, a seal cover 52, a main bearing cover 54, etc, for
securing the main bearing insert 42 within the housing
34 and sealing the main bearing assembly 28. In the il-
lustrated embodiment, the main rotary shaft 26 is gener-
ally cylindrical with a substantially constant diameter
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along its longitudinal axis L, and the bearing surface 46
of the main bearing insert 42 has a corresponding con-
figuration (Figs. 4B and 5B). Therefore, as illustrated,
main bearing assembly 28 may be described as a cylin-
drical plain bearing. As will be explained in greater detail
below, however, such a constant diameter, cylindrical
configuration is merely exemplary and other configura-
tions are possible.
[0031] For purposes of description, it is convenient to
define a cylindrical coordinate system at the center of the
passageway 44 as viewed in cross section (Figs. 4A and
5A). In regard to angular position θ, the zero angle ref-
erence aligns with the gravitational field g (downward in
the view of Fig. 4A and 5A) and increases in the coun-
terclockwise direction. The coordinate system is merely
to facilitate a fuller understanding of the invention and
the invention should not be limited to any particular ori-
entation or reference frame. Those of ordinary skill in the
art will understand and appreciate aspects of the inven-
tion independent of the orientation and reference frame.
[0032] As illustrated in Figs. 4A-5B, the bearing surface
46 is configured to define a stationary bearing surface
portion 56 and a movable bearing surface portion 58 ca-
pable of moving relative to the stationary bearing surface
portion 56 between various positions. In one embodi-
ment, the main bearing insert 42 includes at least one
movable member, which may take the form of a slide 60,
that is selectively movable relative to a remainder portion
of the main bearing insert 42 and includes an inner sur-
face 62 that forms part of the bearing surface 46 that
confronts the main rotary shaft 26 (e.g., inner surface 62
defines the movable bearing surface portion 58). The in-
ner surface 62 of slide 60 has a shape that cooperates
with the stationary bearing surface portion 56 to provide
the overall desired shape of the bearing surface 46
(again, which is typically dictated by the shape of the
main rotary shaft 26). Thus, in one embodiment, the inner
surface 62 takes the form of a substantially constant di-
ameter cylindrical surface portion (i.e., a circular arc in
the cross section shown in Fig. 4A and linear in the cross
section shown in Fig. 4B).
[0033] As shown in Fig. 4B, main bearing insert 42 may
include a plurality of slides 60 incorporated within the
main bearing insert 42, each of which forms a portion of
the bearing surface 46. By way of example, two slides
60 may be positioned at zero degrees (e.g., in a lower
portion of the main bearing insert 42 as viewed in Figs.
4A and 4B) and spaced apart in the longitudinal direction.
The number of slides 60 and the positioning thereof within
the main bearing insert 42, however, may vary depending
on the specific application and desires of the bearing
manufacturer and should not be limited to the particular
number or positions shown herein. Each of the slides 60
may be similar in construction and operation. According-
ly, a detailed description of one of the slides 60 should
suffice as a sufficient description of the remaining slides
60.
[0034] In a particularly advantageous aspect of the in-

vention, the slide 60 is movable in a generally radial di-
rection between a first position and a second position. In
this regard, the slide 60 may be operatively coupled to
an actuator, schematically shown at 64 (Figs. 4A and
5A), for moving the slide 60 between the first and second
positions. For example, the actuator 64 may be in the
form of an electric, pneumatic, or hydraulic actuator. Oth-
er actuators known to those of ordinary skill in the art
may also be utilized to move the slide 60 between its
various end and intermediate positions. The actuator 64
may, in turn, be operatively coupled to a controller, sche-
matically shown at 66, for controlling the actuator 64. The
controller 66 may be an individual controller dedicated
to controlling the movement of actuator 64 and therefore
slide 60. Alternatively, the controller 66 may be part of a
larger control system for controlling the overall operation
of the wind turbine 10.
[0035] Slide 60 includes at least one port 68 open to
the inner surface 62 of the slide 60. Port 68 operates as
a high pressure port for introducing fluid to the main bear-
ing assembly 28 and pressurizing the fluid film 69 (exag-
gerated in the figures for illustrative purposes) when the
main bearing assembly 28 is operating in a hydrostatic
mode, as will be further explained below. In this regard,
the at least one fluid port 68 may be operatively coupled
to a pump, schematically shown at 70, configured to pres-
surize the fluid film 69. The pump 70 should be rated so
as to sufficiently pressurize the fluid film 69 to a level that
supports the load on the main rotary shaft 26 in a worst
case scenario, such as for example a stand still condition
or other high load dynamic conditions.
[0036] The pump 70 may be operatively coupled to a
reservoir 72 for providing a supply of the fluid that forms
the fluid film 69 between the bearing surface 46 and the
main rotary shaft 26 during operation. As illustrated in
the figure, the pump 70 may be operatively coupled to
the controller 66 for controlling the operation of the pump
70. A valve, shown schematically at 74, may be disposed
in the line coupling the high pressure port 68 and the
pump 70 so as to selectively isolate the fluid film 69 in
the main bearing assembly 28 from the pump 70. The
valve 74 may be operatively coupled to the controller 66
for selectively opening and closing the valve 74.
[0037] It should be recognized that when the main
bearing assembly 28 includes a plurality of slides 60,
each slide 60 may be operatively coupled to its own ded-
icated pump 70, reservoir 72, and valve 74. Alternatively,
each slide 60 may collectively be operatively coupled to
a single pump 70, reservoir 72, and valve 74. Additionally,
the slides 60 may be individually or collectively controlled
by controller 66.
[0038] In one embodiment, the main bearing assembly
28 is configured to operate in a plurality of modes de-
pending on the dynamic condition of the wind turbine 10.
More particularly, the main bearing assembly 28 is con-
figured to operate in a hydrostatic mode when dynamic
conditions of the wind turbine 10 are relatively small, and
operate in a hydrodynamic mode when dynamic condi-
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tions of the wind turbine 10 are relatively high. As will be
explained in further detail below, such a transitioning be-
tween the modes of operation is a result of moving the
slide 60 between the first and second positions.
[0039] During relatively low dynamic conditions, which
might occur, for example, during start-up of the wind tur-
bine 10, shut-down of the wind turbine 10, or low wind
conditions that might periodically occur during operation
of the wind turbine 10, the hydrodynamic forces in the
fluid film 69 between the bearing surface 46 and the main
rotary shaft 26 may be insufficient to support the load on
main rotary shaft 26. Consequently, during these condi-
tions, the main bearing assembly 28 may be configured
to be in a hydrostatic mode of operation.
[0040] As illustrated in Figs. 5A and 5B, in the hydro-
static mode of operation, the movable bearing surface
portion 58 is configured to be displaced radially outward
relative to the stationary bearing surface portion 56 so
as to form a fluid pocket or cavity 76 in the bearing surface
46. In an exemplary embodiment, this is achieved by po-
sitioning the slide 60 in its first, retracted position wherein
the inner surface 62 thereof is spaced radially outward
of the stationary bearing surface portion 56 to form fluid
pocket 76. It should be recognized that the inner surface
62 of slide 60 effectively forms a movable bottom wall of
cavity 76. In addition, the valve 74 may be placed in the
opened position and the pump 70 is activated so that the
pump 70 is in fluid communication with the fluid film 69
between the bearing surface 46 and the main rotary shaft
26 to pressurize the fluid film 69. As explained above,
due to this external pressurization, the fluid film 69 is
capable of supporting the load on the main rotary shaft
26 independent of the hydrodynamic forces, if any, de-
veloped in the fluid film 69. Consequently, surface-to-
surface contact that might otherwise occur between the
bearing surface 46 and the main rotary shaft 26 during
such low dynamic conditions may be avoided.
[0041] During relatively high dynamic conditions,
which might occur, for example, when the wind conditions
are sufficiently high that the rotor 16, and thus main rotary
shaft 26, rotates at an angular velocity at or above some
threshold value, the hydrodynamic forces in the fluid film
69 are sufficient to support the load on the main rotary
shaft 26. Consequently, during these conditions, the
main bearing assembly 28 may be configured to be in a
hydrodynamic mode of operation.
[0042] As illustrated in Figs. 4A and 4B in the hydro-
dynamic mode of operation, the movable bearing surface
portion 58 is configured to be aligned with or flush with
the stationary bearing surface portion 56 so that the bear-
ing surface 46 presents a substantially smooth topology.
In an exemplary embodiment, this is achieved by posi-
tioning the slide 60 in its second, aligned position wherein
the inner surface 62 thereof is substantially flush with the
stationary bearing surface portion 56. In this regard, the
actuator 64 may be activated, such as via controller 66,
to move the slide 60 from its retracted position to its
aligned position. In other words, the bottom wall of the

fluid cavity 76 is moved so as to effectively eliminate cav-
ity formation within the bearing surface 46. In addition,
the valve 74 may be placed in the closed position to iso-
late the pump 70 from the fluid film 69 so that the pump
70 does not otherwise affect the hydrodynamics of the
fluid film 69.
[0043] Moreover, the main bearing insert 42 may in-
clude at least one port 78 open to the bearing surface 46
and positioned in the stationary bearing surface portion
56 thereof. For example, in one embodiment, stationary
bearing surface portion 56 may include a shallow, longi-
tudinally-directed groove 80 in communication with port
78. It should be recognized that the depth of groove 80
is relatively small so as not to significantly affect the hy-
drodynamic performance of main bearing assembly 28
when operating in a hydrodynamic mode. Port 78 is op-
eratively coupled to a reservoir, such as reservoir 72,
although a separate reservoir may be provided, and op-
erates as a low pressure port for introducing fluid to the
main bearing assembly 28 when operating in the hydro-
dynamic mode. The number and positioning of grooves
80/ports 78 may vary depending on the specific applica-
tion and desires of the bearing manufacturer. In one em-
bodiment and without limitation, grooves 80 having ports
78 may be formed in the bearing surface 46 at approxi-
mately 90° and approximately 270°, as seen in Fig. 4A
and 5A.
[0044] As explained above, due to hydrodynamic forc-
es developed in the fluid film 69, the fluid film 69 is capable
of supporting the load on the main rotary shaft 26 inde-
pendent of external pressurization. Consequently, sur-
face-to-surface contact between the bearing surface 46
and the main rotary shaft 26 during high dynamic condi-
tions may be avoided as well. Additionally, however, be-
cause the fluid cavity 76 has effectively been eliminated
and the bearing surface 46 has a substantially smooth
topology, the main bearing assembly 28 displays the ef-
ficient, high-load capacity behavior of conventional hy-
drodynamic bearings.
[0045] If the wind turbine 10 starts transitioning from a
high dynamic condition to a low dynamic condition (e.g.,
shut-down, low wind conditions, etc.), the operating
mode of the main bearing assembly 28 may be converted
back to the hydrostatic operating mode. For example, if
the angular velocity of the main rotary shaft 26 falls below
the threshold value, the main bearing assembly 28 may
be configured to transition back to the hydrostatic oper-
ating mode. In this regard, the movable bearing surface
portion 58 may be configured to once again be displaced
radially outward relative to the stationary bearing surface
portion 56 so as to form the fluid cavity 76 in the bearing
surface 46. This may be achieved by activating actuator
64 so as to move the slide 60 from the second, aligned
position to the first, retracted position such that the inner
surface 62 thereof is spaced radially outward of the sta-
tionary bearing surface portion 56 to form fluid cavity 76.
Moreover, the valve 74 may be placed in the opened
position and the pump 70 activated so that the pump 70
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is in fluid communication with the fluid film 69 between
the bearing surface 46 and the main rotary shaft 26 to
pressurize the fluid film 69.
[0046] It should be recognized that transitioning be-
tween the various modes of operation may be automated
through controller 66. For example, a sensor, shown
schematically at 82, may be operatively coupled to main
rotary shaft 26 and controller 66, and configured to mon-
itor the dynamic state of the main rotary shaft 26. In one
embodiment, for example, the sensor 82 may monitor
the angular velocity of the main rotary shaft 26. The sen-
sor 82 may be further configured to send a signal to con-
troller 66 indicative of the measured angular velocity.
Such a sensor 82 is generally known in the art and com-
mercially available. Accordingly, a further description of
sensor 82 is deemed unnecessary. The controller 66 can
have pre-programmed therein the threshold angular ve-
locity at which the main bearing assembly 28 is config-
ured to transition between the hydrostatic and hydrody-
namic operating modes. It should be appreciated that the
threshold value depends on several factors, including
size of the wind turbine 10, type of fluid lubricant used in
the plain bearing, and other factors. In any event, one of
ordinary skill in the art will recognize how to determine
the threshold angular velocity for the particular wind tur-
bine and system.
[0047] If the measured angular velocity of the main ro-
tary shaft 26, as indicated by sensor 82, is at or above
the threshold value, then the main bearing assembly 28
may be configured to operate in a hydrodynamic operat-
ing mode in accordance with that described above. More
particularly, the controller 66 may activate actuator 64,
valve 74, and/or pump 70, as needed, to transition to the
hydrodynamic operating mode. If, however, the meas-
ured angular velocity of the main rotary shaft 26 is below
the threshold value, then the main bearing assembly 28
may be configured to operate in a hydrostatic operating
mode in accordance with that described above. Again,
the controller 66 may activate actuator 64, valve 74,
and/or pump 70, as needed, to transition to the hydro-
static operating mode. Although in the exemplary em-
bodiment described herein the angular velocity of the
main rotary shaft 26 is used as the criteria for transitioning
between the hydrostatic and hydrodynamic operating
modes, the invention is not so limited as other or addi-
tional parameters may be used for defining a criteria at
which the transition between operating modes is initiated.
[0048] Operation of the main bearing assembly 28, and
the benefits afforded by the convertible design of the plain
bearing is schematically illustrated in Fig. 6, which gen-
erally correlates the load capacity of a plain bearing as
a function of the angular velocity of the shaft. In this re-
gard, curve A is believed to be characteristic of the rela-
tionship for an ideal bearing surface (i.e., no fluid cavities
and substantially smooth topology of bearing surface)
operating in a hydrodynamic mode with no external pres-
surization. As such, this curve represents such a plain
bearing operating at its optimal efficiency. Curve B is be-

lieved to be characteristic of the relationship for a bearing
surface having fluid cavities, but no external pressuriza-
tion (i.e., not in fluid communication with the pump so as
to pressurize the fluid film). A comparison between
curves A and B demonstrates the negative impact of cav-
ity formation in the bearing surface on the performance
of the plain bearing. In other words, the formation of fluid
cavities in the bearing surface disrupts the development
of hydrodynamic forces which results in a significant re-
duction in the load capacity of the plain bearing. These
two curves demonstrate why it may be undesirable to
use a bearing with fluid cavities when the bearing is op-
erating in a regime which would otherwise support a hy-
drodynamic bearing.
[0049] Curve C is believed to be characteristic of the
relationship for a bearing surface having fluid cavities
and having some level of external pressurization (i.e.,
the fluid film is in fluid communication with the pump and
being pressurized thereby). Comparing curves B and C,
it is clear that the load capacity of the bearing has been
increased due to the pressurization from the pump. How-
ever, the slope of curve C remains relatively low, indicat-
ing that the cavity formation and pressurization thereof
negatively impacts the development of hydrodynamic
forces that would otherwise aid in supporting the load
(e.g., compare curves A and C at higher rotor speeds).
Additionally, the slope of curve C may be even less than
that of curve B, indicating that the effects of pressurization
(as opposed to just cavity formation) may further nega-
tively impact the development of hydrodynamic forces
that would otherwise aid in supporting the load.
[0050] Curve D is believed to be characteristic of the
relationship for a bearing surface having fluid cavities
and having a level of external pressurization greater than
that for curve C. Thus, the load capacity of the bearing
has been increased due to the increased pressurization
of the fluid film by the pump. However, the amount of
energy and fluid required for the high level of external
pressurization associated with curve D makes such a
solution impractical. Moreover, somewhat characteristic
of hydrostatic bearings, the slope of curve D remains
relatively low and may be similar to the slope for curve
C indicating, for example, that the affect of pressurization
of the fluid cavities on the hydrodynamics may lessen for
increasing pressurization.
[0051] In contrast to these curves, curve E is believed
to be characteristic of the relationship for a convertible
bearing in accordance with aspects of the invention (and
operating with an external pressurization in the hydro-
static mode used in curve C, for example). Curve E clearly
demonstrates a hydrostatic region 90, a hydrodynamic
region 92, and a transition region 94. In the hydrostatic
region 90, curve E has a relatively small slope charac-
teristic of hydrostatic operation (generally following curve
C), but has a load capacity greater than that which would
be achieved by a bearing optimized for hydrodynamic
conditions (curve A; no fluid cavities). In the hydrodynam-
ic region 92, curve E has a relatively large slope charac-
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teristic of hydrodynamic operation (generally following
curve A) and has a load capacity greater than that which
would be achieved under hydrostatic conditions (curve
C). The transition region 94, which is located approxi-
mately about the threshold angular velocity, is charac-
terized by the slope of curve E changing relatively quickly
as the plain bearing changes its mode of operation. While
the curve in this region is illustrated as a relatively sharp
corner, it should be recognized that the curve may be
more smooth and arcuate depending on how quickly the
transition is made between operating modes, for exam-
ple.
[0052] In Fig. 6, region 100 represents the benefits of
operating a plain bearing in a hydrostatic mode (with fluid
cavities) instead of a hydrodynamic mode (without fluid
cavities) for low dynamic conditions. Similarly, region 102
represents the benefits of operating a plain bearing in a
hydrodynamic mode instead of a hydrostatic mode for
high dynamic conditions. The main bearing assembly 28
may therefore take advantage of both of these beneficial
regions 100, 102 illustrated in Fig. 6 as a result of its
capacity to transition between hydrostatic and hydrody-
namic operating modes. Consequently, the main bearing
assembly 28 is capable of operating at optimal efficiency
during high dynamic conditions and is further capable of
avoiding wear and other damage at low dynamic condi-
tions. As a result, the convertible design as disclosed
herein represents an improved design expected to pro-
long the operating life of main bearing assembly 28 and
therefore reduce the overall operating costs (e.g., re-
placement costs, maintenance costs, etc.) of wind turbine
10.
[0053] While the main bearing assembly 28 illustrated
and described above is directed to a cylindrical bearing
design, i.e., the bearing surface 46 and the main rotary
shaft 26 have corresponding, confronting constant diam-
eter cylindrical configurations, the invention is not so lim-
ited. In an alternative embodiment, the main bearing as-
sembly may be configured as a spherical plain bearing.
A spherical plain bearing may have additional benefits
as compared to cylindrical plain bearings. In this regard,
for example, cylindrical bearings, whether it be roller el-
ement bearings or plain bearings, generally require rel-
atively precise alignment of the shaft through the pas-
sageway defined by the bearing surface and are not suf-
ficiently robust in their design to accommodate shaft mis-
alignments. Shaft misalignments may cause the bearing
to wear more quickly. Due to the symmetries in spherical
configurations, however, spherical bearings, such as
spherical roller element bearings, are capable of accom-
modating some degree of misalignment of the shaft
through the bearing. The symmetries afforded by spher-
ical geometries may be implemented in embodiments of
the present invention to similarly provide a degree of ro-
bustness in regard to alignment of the main rotary shaft
through the main bearing assembly. Such a spherical
design may also provide other benefits, as will be dis-
cussed in more detail below.

[0054] To this end, and in reference to Fig. 7, in which
like reference numerals refer to like features in Figs. 3-5B,
main bearing assembly 28a may be configured as a
spherical plain bearing. In this embodiment, the main ro-
tary shaft 26a includes generally cylindrical, constant di-
ameter sections 110 coupled to opposed sides of an in-
termediate generally spherical section 112. The main ro-
tary shaft 26a may be a unitary shaft (e.g., machined or
otherwise processed to have a monolithic configuration).
Alternatively, the main rotary shaft 26a may be formed
from separate components which are subsequently cou-
pled through a suitable process (e.g., welding) to have
the noted configuration. The spherical section 112 is gen-
erally larger than the cylindrical sections 110 so as to
generally define annular shoulders 114. The bearing sur-
face 46a, which may be formed in a bearing insert 42a
or alternatively integrally formed with the bearing housing
34a, has a generally corresponding configuration. In this
regard, the bearing surface 46a includes generally cylin-
drical, constant diameter surface portions 116 configured
to confront cylindrical sections 110 of main rotary shaft
26a, and an intermediate spherical surface portion 118
configured to confront spherical section 112. As such,
the spherical surface portion 118 is located generally ra-
dially outward of the cylindrical surface portions 116 such
that the shoulders 114 confront a portion of spherical
surface portion 118.
[0055] In an exemplary embodiment, main bearing as-
sembly 28a may be selectively convertible between hy-
drostatic and hydrodynamic operating modes similar to
that explained above. Thus, bearing surface 46a may
include a stationary bearing surface portion 56 and a
movable bearing surface portion 58, which may, for ex-
ample, be defined by one or more slides 60a (two shown)
having an inner surface 62a. In the exemplary embodi-
ment, the slides 60a are positioned along the spherical
surface portion 118. However, it should be recognized
that the number of slides 60a and the positioning thereof
in the bearing surface 46a may vary depending on the
specific application and desires of the bearing manufac-
turer and should not be limited to the particular number
or positions shown herein. As one of ordinary skill in the
art will readily appreciate the operation of slide(s) 60a
and the operation of main bearing assembly 28a in the
hydrostatic and hydrodynamic operating modes based
on the above description of the cylindrical plain bearing,
a more thorough description of the spherical plain bearing
is deemed unnecessary for a full and complete under-
standing of this embodiment. It is recognized, however,
that the main bearing assembly 28a will benefit from the
convertible aspect similar to that described above.
[0056] In addition to being able to accommodate shaft
misalignments, the spherical plain bearing may provide
additional benefits. In this regard, it should be realized
that cylindrical plain bearings are capable of accommo-
dating radial loads on the shaft, but are generally inca-
pable of accommodating axial or longitudinal loading of
the shaft. Accordingly, a second, separate mechanism
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is typically used to withstand or accommodate the longi-
tudinal loading of the shaft. In contrast to this, however,
a spherical plain bearing is generally capable of accom-
modating both radial and longitudinal loading of the shaft.
In the instant case, main bearing assembly 28a is gen-
erally capable of accommodating both radial and longi-
tudinal loading of the main rotary shaft 26a. More partic-
ularly, longitudinal loading on the main rotary shaft 26a
is supported by the fluid film 69a between the shoulders
114 and corresponding portions of bearing surface 46a
confronting shoulders 114. Thus, in this embodiment, the
fluid film 69a supports both radial and longitudinal loading
of main rotary shaft 26a and separate mechanisms for
accommodating the longitudinal loads may not be need-
ed.
[0057] The ability to accommodate both radial and lon-
gitudinal loading of the main rotary shaft is not limited to
the main bearing assembly being configured as a spher-
ical plain bearing, as described above. Other configura-
tions are also possible. In this regard, Fig. 8 is a cross-
sectional view of a main bearing assembly 28b in accord-
ance with yet another embodiment of the invention. In
this embodiment, the main bearing assembly 28b may
be configured as a cylindrical plain bearing, but with a
modification that accommodates longitudinal loading of
the main rotary shaft 26b as well as radial loading.
[0058] To this end, the main rotary shaft 26b includes
generally cylindrical, constant diameter sections 130
coupled to opposed sides of an intermediate cylindrical,
constant diameter section 132. The rotary shaft 26b may
be a unitary shaft or be formed from separate compo-
nents which are subsequently coupled through a suitable
process so as to have the noted configuration. The di-
ameter of the intermediate cylindrical section 132 is gen-
erally larger than the diameter of cylindrical sections 130
so as to generally define a pair of opposed generally pla-
nar, annular abutment surfaces 134. The bearing surface
46b, which may be formed in a bearing insert 42b or
alternatively integrally formed with the bearing housing
34b, has a generally corresponding configuration. In this
regard, the bearing surface 46b includes generally cylin-
drical, constant diameter surface portions 136 configured
to confront cylindrical sections 130 of main rotary shaft
26b, and an intermediate cylindrical surface portion 138
configured to confront intermediate cylindrical section
132. The intermediate cylindrical surface portion 138 is
located generally radially outward of the cylindrical sur-
face portions 136 such that the abutment surfaces 134
confront a portion of the intermediate surface portion 138.
[0059] In an exemplary embodiment, main bearing as-
sembly 28b may be selectively convertible between hy-
drostatic and hydrodynamic operating modes similar to
that explained above. Thus, bearing surface 46b may
include a stationary bearing surface portion 56 and a
movable bearing surface portion 58, which may, for ex-
ample, be defined by one or more slides 60b (two shown)
having an inner surface 62b. In the exemplary embodi-
ment, the slide(s) 60b may be positioned along the inter-

mediate cylindrical surface portion 138. However, it
should be recognized that the number of slides 60b and
the positioning thereof in the bearing surface 46b may
vary depending on the specific application and desires
of the bearing manufacturer and should not be limited to
the particular number or positions shown herein. As one
of ordinary skill in the art will readily appreciate the op-
eration of slide(s) 60b and the operation of main bearing
assembly 28b in the hydrostatic and hydrodynamic op-
erating modes based on the above description of the cy-
lindrical plain bearing, a more thorough description of
main bearing assembly 28b is deemed unnecessary for
a full and complete understanding of this embodiment. It
is recognized, however, that the main bearing assembly
28b will benefit from the convertible aspect similar to that
described above.
[0060] Additionally, in this embodiment, the fluid film
69b supports both radial and longitudinal loading of main
rotary shaft 26b and separate mechanisms for accom-
modating the longitudinal loads may not be needed. The
annular abutment surfaces 134 may even include fixed
inclinations, fluid or other non-planar geometries that
help maintain the fluid film 69b under various operating
conditions.
[0061] The plain bearings as described above may be
implemented in various combinations. By way of exam-
ple, the plain bearings may work in conjunction with var-
ious devices to accommodate the longitudinal loading of
the main rotary shaft. In other words, the fluid film dis-
posed between the shaft and the bearing surface, in com-
bination with the specific geometry of the shaft and bear-
ing surface, may not be the sole means for supporting
the longitudinal load. Instead, a separate device, such
as a thrust pad, may also be used to accommodate sub-
stantially all or a portion of the longitudinal load. In one
such embodiment, the fluid film may accommodate the
radial loading and the longitudinal loading in a first lon-
gitudinal direction, and the stationary thrust pad may ac-
commodate the longitudinal loading in a second longitu-
dinal direction opposite the first longitudinal direction.
[0062] Fig. 9 illustrates an exemplary embodiment
having a separate device to help support longitudinal
loads. In this embodiment, in which like reference numer-
als refer to like features in Figs. 3-5B, a main bearing
assembly 28c cooperates with a main rotary shaft 26c
having generally cylindrical, constant diameter sections
150 coupled to opposed sides of an intermediate trun-
cated spherical section 152. The main rotary shaft 26c
may be a unitary shaft or be formed from separate com-
ponents which are subsequently coupled through a suit-
able process so as to have the noted configuration. The
truncated spherical section 152 is generally larger than
the cylindrical sections 150 so as to generally define a
generally planar, annular abutment surface 154 and
shoulders 156. The bearing surface 46c, which may be
formed in a bearing insert 42c or alternatively integrally
formed with the bearing housing 34c, has a similar con-
figuration. In this regard, the bearing surface 46c includes
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generally cylindrical, constant diameter surface portions
158 configured to confront cylindrical sections 150 of
main rotary shaft 26c, and an intermediate spherical sur-
face portion 160 configured to confront the spherical as-
pect of truncated spherical section 152. The truncated
aspect of truncated spherical portion 152 defines a void
or cavity 162 between the main rotary shaft 26c and the
bearing surface 46c.
[0063] As shown in Fig. 9, the cavity 162 is configured
to receive a thrust pad 164 therein having a generally
planar, annular abutment surface 166 arranged to con-
front abutment surface 154 of truncated spherical section
152. With this arrangement, longitudinal loading of the
main rotary shaft 26c in a first longitudinal direction L1
may be accommodated by the fluid film 69c between
shoulders 156 and the corresponding portion of bearing
surface 46c confronting shoulders 156. Longitudinal
loading of the main rotary shaft 26c in a second longitu-
dinal direction L2 may be accommodated by engagement
between abutment surfaces 154, 166 of truncated spher-
ical section 152 and thrust pad 164, respectively. It should
be recognized that instead of the fluid film 69c configured
to support loading in the first longitudinal direction L1 and
the thrust pad 164 configured to support loading in the
second longitudinal direction L2, in an alternative em-
bodiment, the thrust pad 164 may be configured to sup-
port the loading in the first longitudinal L1 and the fluid
film 69c may be configured to support the loading in the
second longitudinal direction L2.
[0064] In an exemplary embodiment, main bearing as-
sembly 28c may be selectively convertible between hy-
drostatic and hydrodynamic operating modes similar to
that explained above. Thus, bearing surface 46c may
include a stationary bearing surface portion 56 and a
movable bearing surface portion 58, which may, for ex-
ample, be defined by one or more slides 60c (one shown)
having an inner surface 62c. In the exemplary embodi-
ment, the slide(s) 60c may be positioned to correspond
to the spherical aspect of the truncated spherical section
152. However, it should be recognized that the number
of slides 60c and the positioning thereof in the bearing
surface 46c may vary depending on the specific applica-
tion and desires of the bearing manufacturer and should
not be limited to the particular number or positions shown
herein. As one of ordinary skill in the art will readily ap-
preciate the operation of slide(s) 60c and the operation
of main bearing assembly 28c in the hydrostatic and hy-
drodynamic operating modes based on the above de-
scription of the cylindrical plain bearing, a more thorough
description of main bearing assembly 28c is deemed un-
necessary for a full and complete understanding of this
embodiment. It is recognized, however, that the main
bearing assembly 28c will benefit from the convertible
aspect similar to that described above. In this embodi-
ment, the radial load and at least part of the longitudinal
load is supported by the fluid film 69c. A separate mech-
anism, however, is incorporated within the main bearing
assembly 28c for accommodating a remainder portion of

the longitudinal load. Furthermore, main bearing assem-
bly 28c may accommodate shaft misalignments, as a re-
sult of the spherical aspect of the main bearing assembly
28c.
[0065] Another exemplary embodiment is illustrated in
Fig. 10, wherein thrust pads are used to accommodate
the loading in both the first and second longitudinal di-
rections L1, L2. In this embodiment, in which like refer-
ence numerals refer to like features in Figs. 3-5B, main
rotary shaft 26d includes generally cylindrical, constant
diameter sections 180 coupled to opposed sides of an
intermediate cylindrical, constant diameter section 182.
The main rotary shaft 26d may be a unitary shaft or be
formed from separate components which are subse-
quently coupled through a suitable process so as to have
the noted configuration. The diameter of the intermediate
cylindrical section 182 is generally larger than the diam-
eter of cylindrical sections 180 so as to define two op-
posed, generally planar, annular abutment surfaces 184.
The main bearing assembly 28d includes a bearing sur-
face 46d, which may be formed in a bearing insert 42d
or alternatively integrally formed with the bearing housing
34d, having a similar configuration. In this regard, the
bearing surface 46d includes generally cylindrical, con-
stant diameter surface portions 186 configured to con-
front cylindrical sections 180 of main rotary shaft 26d,
and an intermediate cylindrical surface portion 188 con-
figured to confront intermediate cylindrical section 182.
[0066] In addition, cylindrical cavities 190 may be
formed in the bearing surface 46d and disposed between
the intermediate cylindrical surface portion 188 and re-
spective cylindrical surface portions 186. The diameter
of the cavities 190 may be substantially equal to or larger
than the diameter of the intermediate cylindrical surface
portion 188 so as not to impede longitudinal movement
of the main rotary shaft 26d. As shown in Fig. 10, the
cavities 190 are configured to receive thrust pads, sche-
matically shown at 192, which are in engagement or near
engagement with the abutment surfaces 184 of the in-
termediate cylindrical section 182. As will be recognized,
the thrust pads 192 accommodate the loading of the main
rotary shaft 26d in the first and second longitudinal direc-
tions L1 and L2. The radial loading of the main rotary
shaft 26d, however, may be accommodated by the fluid
film 69d.
[0067] The main bearing assembly 28d may be selec-
tively convertible between hydrostatic and hydrodynamic
operating modes similar to that explained above. Thus,
bearing surface 46d may include a stationary bearing
surface portion 56 and a movable bearing surface portion
58, which may, for example, be defined by one or more
slides 60d (two shown) having an inner surface 62d. In
the exemplary embodiment, the slide(s) 60d may be po-
sitioned along the intermediate cylindrical portion 188.
However, it should be recognized that the number of
slides 60d and the positioning thereof in the bearing sur-
face 46d may vary depending on the specific application
and desires of the bearing manufacturer and should not
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be limited to the particular number or positions shown
herein. As one of ordinary skill in the art will readily ap-
preciate the operation of slide(s) 60d and the operation
of main bearing assembly 28d in the hydrostatic and hy-
drodynamic operating modes based on the above de-
scription of the cylindrical plain bearing, a more thorough
description of main bearing assembly 28d is deemed un-
necessary for a full and complete understanding of this
embodiment. It is recognized, however, that the main
bearing assembly 28d will benefit from the convertible
aspect similar to that above. Additionally, while the radial
load is supported by the fluid film 69d, separate mecha-
nisms are incorporated within main bearing assembly
28d for accommodating the longitudinal loading.
[0068] While the embodiments in Figs. 4A-10 have
been shown and described as being convertible plain
bearings, the invention is not so limited. By way of ex-
ample, in certain applications, the bearing configurations
shown in the previous embodiments may be configured
as hydrostatic or hydrodynamic plain bearings without
the capacity to convert therebetween. While such em-
bodiments may not provide the full range of benefits af-
forded by convertible plain bearings, such hydrostatic or
hydrodynamic plain bearings may still provide certain
benefits over the conventional roller element bearings
currently utilized, and therefore such plain bearings are
within the scope of the present invention. Those of ordi-
nary skill in the art will recognize that for solely hydrody-
namic plain bearing embodiments, slides 60, 60a, 60b,
60c, and 60d of the previous embodiments would be omit-
ted such that bearing surfaces 46, 46a, 46b, 46c and 46d
have a substantially smooth topology. Those of ordinary
skill in the art will further recognize that for solely hydro-
static plain bearing embodiments, the slides 60, 60a, 60b,
60c and 60d may be replaced with permanent formations
in the wall that defines bearing surfaces 46, 46a, 46b,
46c and 46d so as to define the pocket or fluid cavities.
[0069] By way of example, and as schematically illus-
trated in Figs. 11A-11C, a hydrostatic plain bearing 200
may include a bearing surface 202 having cavities 204
with various configurations. In this regard, Fig. 11A illus-
trates a hydrostatic plain bearing 200a having a bearing
surface 202a with a permanent fluid cavity 204a formed
therein. In this embodiment, the cavity 204a has a rec-
tangular configuration with generally opposed side walls
206a (one shown), generally opposed end walls 208a,
and a bottom wall 210a. It is noted that the fluid cavities
formed in the convertible plain bearings discussed above
(e.g., cavities 76) have such a configuration when in the
hydrostatic mode. Fig. 11B illustrates an alternative em-
bodiment of a hydrostatic plain bearing 200b having a
bearing surface 202b with a permanent cavity 204b
formed therein. In this embodiment, the cavity 204b has
a curved or arcuate configuration including, for example,
a single bottom wall 210b that intersects the bearing sur-
face 202b at both of its ends. In still a further alternative
embodiment illustrated in Fig. 11C, a hydrostatic plain
bearing 200c may include a bearing surface 202c having

a cavity 204c with a wedge configuration. In this embod-
iment, the bottom wall 210c intersects the bearing sur-
face 202c at one of its ends, but is spaced from the bear-
ing surface 202c at its opposed end so as to define op-
posed side walls 206c (one shown) and an end wall 208c.
This provides the cavity 204c with a varying depth. The
wedge profile may be in the direction of shaft rotation or
may be opposite to the direction of shaft rotation.
[0070] In addition to the above, the number and loca-
tion of the cavities 204 in the bearing surface 202 may
vary depending on the particular application and type of
plain bearing. Indeed, this is the case whether the plain
bearing is a convertible plain bearing or a solely hydro-
static plain bearing. Thus, while the previous embodi-
ments typically illustrated two slides that formed corre-
sponding fluid cavities, and the slides were typically
formed in the lower portion of the bearing surfaces, the
invention is not so limited. By way of example and not
limitation, Figs. 12A-12C illustrate an alternative fluid
cavity pattern for a cylindrical hydrostatic plain bearing
similar to that shown in Figs. 5A and 5B.
[0071] In this regard, a main shaft (not shown) similar
to shaft 26 extends through a main bearing assembly
220 having a bearing housing 222 that defines a bearing
surface 224 that confronts the main shaft. The main bear-
ing assembly 220 is configured as a hydrostatic plain
bearing and therefore includes a plurality of fluid cavities
226 permanently formed in the bearing surface 224. In
an exemplary embodiment, there may be six fluid cavities
226 formed in bearing surface 224. The fluid cavities 226
may be configured as any one of those illustrated in Figs.
11A-11C or a combination thereof. In one embodiment,
the cavity pattern may be symmetrical relative to a midline
plane 228 parallel to gravitational field g and through the
center of the bearing assembly 220, but asymmetrical
relative to a midline plane 229 perpendicular to the mid-
line plane 228 and through the center of the bearing as-
sembly (Fig. 12B). Accordingly, only half of the bearing
surface 224 will be described in detail. It should be rec-
ognized, however, that in alternative embodiments, the
cavity pattern may be asymmetrical about midline plane
228. Additionally, it should be noted that symmetry of the
cavity pattern takes into account number and location
but not the cavity geometry itself. All of the fluid cavities
226, for example, may have the wedge-shaped configu-
ration of Fig. 11C with the wedge profile in the direction
of shaft rotation.
[0072] In reference to Fig. 12C, two cavities 226a may
be positioned in a lower portion of the bearing surface
224 and a single cavity 226b may be positioned in an
upper portion of the bearing surface 224. The upper and
lower portions are defined with reference to the midline
plane 229. In an exemplary embodiment, cavities 226a
have substantially the same circumferential location
along the bearing surface 224, details of which are dis-
cussed below, but are spaced in the longitudinal direction
(e.g., along longitudinal axis L) so as to be substantially
parallel to each other. The cavities 226a may have a width
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in the longitudinal direction of about 85 mm and be equal-
ly spaced from opposed ends 230 of the bearing surface
224. For example, the cavities 226a may be spaced about
87 mm from the ends 230 of the bearing surface 224.
Each cavity 226a extends in a generally circumferential
direction and is located within a region starting at about
15 degrees and terminating at about 60 degrees. More
particularly, each cavity 226a may include a first edge
232 at about 20.5 degrees and a second edge 234 at
about 57 degrees. In an exemplary embodiment, the cav-
ities 226a may have a maximum depth of about 4 mm,
although other values are possible.
[0073] The cavity 226b in the upper portion of the bear-
ing surface 224 may have a width in the longitudinal di-
rection similar to cavities 226a (e.g., 85 mm) and be cen-
trally located in bearing surface 224 relative to the longi-
tudinal direction. For example, cavity 226b may be posi-
tioned in bearing surface 224 intermediate the cavities
226a and may be at the longitudinal midpoint between
ends 230. Cavity 226b may similarly extend in a generally
circumferential direction (so as to be generally parallel
to cavities 226a) and be located in a region starting at
about 85 degrees and terminating at about 130 degrees.
In one specific embodiment, cavity 226b may include a
first edge 236 at about 90 degrees and a second edge
238 at about 125 degrees. Cavity 226b may be config-
ured to have a maximum depth similar to that of cavities
226a, although not so limited. As noted above, the cavity
pattern is symmetrical about midline plane 228 and there-
fore, the cavity pattern on a second side of midline plane
228 is a mirror reflection of the cavity pattern on the first
side of the midline plane 228.
[0074] The cavity pattern illustrated in Figs. 12A-12C
is but one exemplary configuration which may be advan-
tageous for cylindrical plain bearing designs. Those of
ordinary skill in the art will appreciate that the pattern
(e.g., number, location and type) and physical dimen-
sions as provided above may vary depending on the par-
ticular application and configuration of the plain bearing.
For example, Figs. 13A-13C illustrate a cavity pattern
which may be more suitable for a hydrostatic plain bear-
ing having a spherical configuration similar to that shown
in Fig. 7.
[0075] In this regard, a main shaft (not shown) similar
to shaft 26a extends through a main bearing assembly
250 having a bearing housing 252 that defines a bearing
surface 254 that confronts the main shaft. The main bear-
ing assembly 250 is configured as a hydrostatic plain
bearing and therefore includes a plurality of cavities 256
permanently formed in the bearing surface 254. In an
exemplary embodiment, there may be eight fluid cavities
256 formed in bearing surface 254. The fluid cavities 256
may be configured as any one of those illustrated in Figs.
11A-11C or a combination thereof. In one embodiment,
the cavity pattern may be symmetrical relative to a midline
plane 258 parallel to gravitational fluid g and through the
center of the main bearing assembly 250, but asymmet-
rical relative to a midline plane 259 perpendicular to the

midline plane 258 and through the center of the bearing
assembly (Fig. 13B). Accordingly, only the bearing sur-
face 254 on one side of the symmetrical plane (midline
plane 258) will be described in detail. It should be recog-
nized, however, that in alternative embodiments, the cav-
ity pattern may be asymmetrical about midline plane 258
and/or symmetrical about midline plane 259.
[0076] In reference to Figs. 13A-13C, a first group 260
of cavities 256a is circumferentially spaced about the
bearing surface 254 at a first longitudinal position (e.g.,
plane P1) adjacent a first end 262 of the bearing surface
254, and a second group 264 of cavities 256b is circum-
ferentially spaced about the bearing surface 254 at a sec-
ond longitudinal position (e.g., plane P2) adjacent a sec-
ond end 266 of the bearing surface 254. In one embod-
iment, the second group 264 may include more fluid cav-
ities as compared to the first group 260 in order to more
readily accommodate the longitudinal loading of the shaft
caused by the wind interacting with the blades 22.
[0077] The first group 260 of cavities 256a includes a
first cavity 256a1 in the lower portion of the bearing sur-
face 254 and a second cavity 256a2 in an upper portion
of the bearing surface 254 (e.g., an upper side portion),
the upper and lower portions being defined with reference
to the midline plane 259. The cavities 256a may have a
width in the longitudinal direction of about 125 mm and
be spaced from the first end 262 of the bearing surface
254 by about 81 mm. The cavities 256a may extend in a
generally circumferential direction. To this end, in the cir-
cumferential direction, the midline 268 of the first cavity
256a1 starts at zero degrees and has a first edge 270
terminating at about 15 degrees, and more particularly
at about 12 degrees. The second cavity 256a2 is located
in a region starting at about 115 degrees and terminating
at about 155 degrees. More particularly, in one embod-
iment the second cavity 256a2 may include a first edge
272 at about 120 degrees and a second edge 274 at
about 150 degrees. In an exemplary embodiment, the
cavities 256a may have a maximum depth of about 4
mm, although other values are possible.
[0078] The second group 264 of cavities 256b includes
a first cavity 256b1 in the lower portion of the bearing
surface 254, a second cavity 256b2 in the upper portion
of the bearing surface 254 between the midline planes
258 and 259, and a third cavity 256b3 in the upper portion
of the bearing surface 254 intersecting the midline plane
258. The cavities 256b may have a width in the longitu-
dinal direction of about 101 mm and be spaced from the
second end 266 of the bearing surface 254 by about 81
mm. The cavities 256b may likewise extend in a generally
circumferential direction. To this end, in the circumferen-
tial direction, the first cavity 256b1 is located in a region
starting at about 5 degrees and terminating at about 70
degrees. More particularly, in one embodiment the first
cavity 256b1 may include a first edge 276 at about 8
degrees and a second edge 278 at about 66 degrees.
The second cavity 256b2 is located in a region starting
at about 90 degrees and a terminating at about 130 de-
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grees. More particularly, in one embodiment the second
cavity 256b2 may include a first edge 280 at about 94
degrees and a second edge 282 at about 124 degrees.
Lastly, the third cavity 256b3 may be located within a
region starting at about 145 degrees. For example, the
third cavity 256b3 may include a first edge 284 at about
150 degrees and have a midline 286 at 180 degrees. In
an exemplary embodiment, the cavities 256b may have
a maximum depth similar to that of cavities 256a, al-
though not so limited. As noted above, the cavity pattern
is symmetrical about midline plane 258 and therefore,
the cavity pattern on a second side of midline plane 258
is a mirror reflection of the cavity pattern on the first side
of the midline plane 258. Again, however, the cavity pat-
tern is asymmetrical about midline plane 259.
[0079] The cavity pattern illustrated in Figs. 13A-13C
is but one exemplary configuration which may be advan-
tageous for spherical plain bearing designs. Those of or-
dinary skill in the art will appreciate that the pattern (e.g.,
number and location), type, and physical dimensions as
provided above may vary depending on the particular
application and configuration of the plain bearing. It
should be recognized that the cavity pattern and type in
the bearing surface may be optimized for the particular
configuration of the plain bearing, whether that be a cy-
lindrical plain bearing, a spherical plain bearing or some
other configuration. The exemplary embodiments dis-
cussed above are believed to be particularly suited for
the loading conditions associated with wind turbines.
[0080] In a further aspect, the wind turbine 10 may in-
clude a control system having a wind turbine controller,
schematically shown at 300 (Figs. 15 and 16), operatively
coupled to the main bearing assembly for controlling op-
eration of the wind turbine 10 based on certain conditions
in the main bearing assembly. In an exemplary embod-
iment, when potentially damaging or undesirable condi-
tions exist in the main bearing assembly, the controller
300 may be configured to change the dynamic state of
the wind turbine 10 or additionally or alternatively modify
a feature or characteristic of the main bearing assembly
itself so as to reduce the likelihood of damage to the main
bearing assembly. In this way, the operating life of the
main bearing assembly will be extended. It is to be un-
derstood that the controller 300 may be configured to
operate with a bearing assembly that is configured as a
hydrodynamic plain bearing, a hydrostatic plain bearing,
or a convertible plain bearing. Thus, while the embodi-
ments discussed below illustrate convertible plain bear-
ings, it should be recognized that the controller 300 may
also be used with non-convertible plain bearing designs
as well, such as those illustrated in Figs. 12A-13C. Thus,
the control system as described herein is not limited to
convertible plain bearings.
[0081] To this end, the wind turbine controller 300 may
be operatively coupled to one or more sub-systems (hav-
ing controllers which may be separate or integrated within
controller 300) effective to alter the dynamic state of the
wind turbine 10. By way of example and without limitation,

the controller 300 may be operatively coupled to: i) a yaw
controller (not shown) for controlling the yaw of the rotor
16 about tower 12; ii) a pitch controller (not shown) for
controlling the pitch of the blades 22 relative to the wind
direction; and/or iii) a brake system (not shown) for re-
sisting the rotation of the rotor 16 about the longitudinal
axis 24. These various sub-systems have the capability
of affecting the dynamic state of wind turbine 10. More
particularly, and as discussed in more detail below, these
sub-systems have the ability to affect the loading on the
main rotary shaft, which in turn affects operation of the
main bearing assembly. The sub-systems provided
above are exemplary and those of ordinary skill in the art
may recognize other sub-systems that affect the dynamic
state of the wind turbine 10. In addition to the above, the
wind turbine controller 300 may be further operatively
coupled to the main bearing assembly and capable of
affecting the state of the main bearing assembly so as
to better accommodate the loads on the main rotary shaft.
[0082] In accordance with an aspect of the invention,
and in reference to Fig. 14, the controller 300 may monitor
one or more parameters associated with operation of the
main bearing assembly, as in step 302. In an exemplary
embodiment, the monitored parameter(s) is generally in-
dicative of the loads applied to the main rotary shaft; sev-
eral examples are described in greater detail below. The
monitored parameter(s) is then compared to a threshold
value(s) stored in controller 300, as in step 304. If the
monitored parameter(s) is less than the threshold val-
ue(s) then the wind turbine 10 continues to operate with-
out intervention from this particular control system. If, on
the other hand, the monitored parameter(s) meets or ex-
ceeds the threshold value(s), then the controller 300 is
configured to alter the operation of the wind turbine 10
so as to reduce the load on the main rotary shaft, or
change the operating condition of main bearing assembly
so as to more readily accommodate the load on the shaft.
This decision may depend on the type of plain bearing
or the operating mode in the case of a convertible main
bearing assembly, as indicated at 306 of Fig. 14.
[0083] If the main bearing assembly is a hydrodynamic
plain bearing or is a convertible plain bearing, such as in
accordance with that described above, operating in a hy-
drodynamic mode and the monitored parameter(s)
meets or exceeds the threshold value(s) then the con-
troller 300 may be configured to alter the dynamic state
of the wind turbine 10 to reduce the load on the shaft, as
indicated at 308. In this regard, the controller 300 may
be configured to yaw the rotor 16 relative to the tower 12
so as to turn the rotor 16 out of the wind, as indicated at
310. Additionally or alternatively, the controller 300 may
be configured to pitch the rotor blades 22 out of the wind
so as to reduce the driving force of the rotor 16, and thus
the loading of the main rotary shaft, as at 312. Still further
additionally or alternatively, the controller 300 may be
configured to apply a brake and thereby slow the angular
velocity of the main rotary shaft, as at 314. Those of or-
dinary skill in the art may recognize other ways to reduce
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the loading on the main rotary shaft 26 upon reaching
threshold value(s) in the monitored parameter(s) and em-
bodiments of the invention are not limited to those iden-
tified above. In any event, altering the dynamic state of
the wind turbine 10 in such a manner is configured to
prevent or reduce the likelihood of damaging the main
bearing assembly and shortening its operating life.
[0084] If the main bearing assembly is a hydrostatic
plain bearing or is a convertible plain bearing operating
in a hydrostatic mode, then another option may be avail-
able for operating the wind turbine 10 in the event the
threshold value(s) of the monitored parameter(s) is ex-
ceeded. In this regard, and as further illustrated in Fig.
14, if the threshold value(s) is exceeded and the bearing
or operating mode is hydrostatic, then the controller 300
may be configured to increase the pressurization of the
fluid film between the shaft and the bearing surface, as
indicated at 316, so that the main bearing assembly may
better accommodate the load on the shaft. This may be
achieved, for example, by increasing the output of the
pump 70. Similar to the above, altering the pressurization
of the fluid film in the main bearing assembly is configured
to prevent or reduce the likelihood of damaging the main
bearing assembly and shortening its operating life.
[0085] In one embodiment, the monitored parame-
ter(s) may be a direct indication of the load on the main
rotary shaft. This may particularly be the case when the
load being monitored is the longitudinal load, which may
not, for example, depend on the fluid film for its support
in the main bearing assembly. Thus, for example, such
a direct technique may be suitable when thrust pads are
used to accommodate the longitudinal loading of the
main rotary shaft, such as in Figs. 9 and 10. Such an
exemplary embodiment is illustrated in Fig. 15, wherein
a controller 300 is incorporated into the embodiment
shown in Fig. 10. As illustrated in this figure, each of the
thrust pads 192 may be operatively coupled to a load cell
320 for indicating the longitudinal loads on the main rotary
shaft 26d. Such load cells 320 are generally known in
the art and are commercially available. Thus, a detailed
description of the load cells 320 is considered unneces-
sary. The load cells 320 are operatively coupled to the
wind turbine controller 300 and are configured to send a
signal indicative of the longitudinal loads on the main
rotary shaft 26d. As explained above, if the longitudinal
loads, in either the L1 or L2 directions exceed a threshold
value, then operation of the wind turbine 10 may be al-
tered by changing the dynamic state of the wind turbine
10 or by changing the operating condition of the main
bearing assembly 28d, as was explained above.
[0086] While such a direct technique for indicating load
may be conducive when thrust pads are used, other tech-
niques may be implemented when the load on the main
rotary shaft is being supported by the fluid film (e.g., such
as in a radial direction). In one embodiment and in refer-
ence to Fig. 16, wherein like reference numerals refer to
like features in Fig. 7, various indirect techniques may
be implemented wherein one or more properties of the

fluid film 69a are monitored to provide an indication of
the load on the shaft 26a. In this regard, one or more
sensors, schematically illustrated at 322, may be in com-
munication with the fluid film 69a between the shaft 26a
and the bearing surface 46a for monitoring at least one
property of the fluid film 69a. The sensors 322 may further
be operatively coupled to controller 300 for affecting the
operation of the wind turbine 10 in the event a potentially
damaging or undesirable condition may exist in the main
bearing assembly 28a.
[0087] In one embodiment, the property of the fluid film
being monitored by sensors 322 is the pressure. In this
regard, the sensors 322 may be pressure transducers
capable of measuring the pressure of the fluid film 69a
at certain locations, which may be selected by locating
one or more suitable ports 324 in the bearing surface 46.
Such pressure transducers are generally known in the
art and are commercially available. Thus, a detailed de-
scription of the pressure transducers is considered un-
necessary. The ports 324 may be strategically located
so as to correspond to potential failure sites in the event
the main rotary shaft 26a is overloaded. For example,
the ports 324 may be located in the direction of the grav-
itational field g. Alternatively, the ports 324 may be locat-
ed adjacent the shoulders 114. Other locations are also
possible such as being adjacent the slides 60a. The pres-
sure transducers are operatively coupled to the controller
300 and are configured to send a pressure signal indic-
ative of the load on the main rotary shaft 26a. If the pres-
sure, as indicated by the pressure transducer, exceeds
a threshold value, then operation of the wind turbine 10
may be altered by changing the dynamic state of the wind
turbine 10 or by pressurization of the fluid film 69a, as
was more fully explained above.
[0088] In another embodiment, the property of the fluid
film being monitored by sensors 322 is the temperature.
In this regard, the sensors 322 may be temperature sen-
sors capable of measuring the temperature of the fluid
film 69a at certain locations, which may be selected by
locating one or more suitable ports 324 in the bearing
surface 46a. Such temperature sensors are generally
known in the art and are commercially available. Thus,
a detailed description of the temperature sensors is con-
sidered unnecessary. The temperature sensors are op-
eratively coupled to the controller 300 and are configured
to send a temperature signal indicative of the load on the
main rotary shaft 26a. If the temperature, as indicated by
the temperature sensors, exceeds a threshold value,
then operation of the wind turbine 10 may be altered by
changing the dynamic state of the wind turbine 10 or by
pressurization of the fluid film, as explained above.
[0089] In still a further embodiment, the property of the
fluid film being monitored by sensors 322 is the film thick-
ness. In this regard, the sensors 322 may be film thick-
ness sensors or proximity sensors capable of measuring
or indicating the thickness of the fluid film 69a (i.e., the
proximity of the shaft to the bearing surface) at certain
locations. For example and without limitation, the film
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thickness sensors may operate on an inductive or capac-
itive theory (e.g., proximity sensors). Such sensors are
generally known in the art and are commercially availa-
ble. Thus, a detailed description of the types of sensors
is considered unnecessary. Other sensors operating on
a host of other principles or theories may also be used.
The proximity sensors are operatively coupled to the con-
troller 300 and are configured to send a distance signal
indicative of the load on the main rotary shaft 26a. If the
film thickness, as indicated by the proximity sensors, ex-
ceeds a threshold value (e.g., drops below a threshold
value), then operation of the wind turbine 10 may be al-
tered by changing the dynamic state of the wind turbine
10 or by increased pressurization of the fluid film 69a, as
was more fully explained above.
[0090] By monitoring, either directly or indirectly, the
load on the main rotary shaft, then operation of the wind
turbine 10 during conditions potentially harmful to the
main bearing assembly may be avoided. Such a control
system should increase the operating life of the main
bearing assembly and therefore, reduce the replacement
and maintenance costs associated with the overall op-
eration of the wind turbine.
[0091] While the invention has been illustrated by a
description of various embodiments and while these em-
bodiments have been described in considerable detail,
it is not the intention of the applicant to restrict or in any
way limit the scope of the appended claims to such detail.
Additional advantages and modifications will readily ap-
pear to those skilled in the art. For example, while the
convertible bearing assembly was described and shown
as having the fluid pockets formed in the bearing surface,
it should be recognized that the fluid pockets may alter-
natively be formed in the shaft. Additionally, while the
convertible bearing assembly was shown and described
herein as a main bearing assembly for a wind turbine, it
should be further recognized that the bearing assemblies
as disclosed herein may be implemented in other loca-
tions of the wind turbine including, for example and with-
out limitation, the gearbox, the yaw system, the pitch sys-
tem for the blades, or other locations that conventionally
rely on roller element bearings.

Claims

1. A plain bearing assembly (28) for a wind turbine (10)
configured to receive a shaft (26), comprising:

a bearing housing (34) including a passageway
(36) configured to receive the shaft therein;
a bearing surface (46) defining the passageway
and including a stationary portion (56) and a
movable portion (58); and
a movable member (60) coupled to the bearing
housing (34) and defining the movable portion
(58) of the bearing surface, the movable mem-
ber movable between a first position and a sec-

ond position, the movable portion of the bearing
surface being flush with the stationary portion of
the bearing surface such that the bearing sur-
face presents a substantially smooth topology
when in the first position, the movable portion of
the bearing surface being spaced away from the
stationary portion of the bearing surface so as
to define a fluid cavity (76) in the bearing surface
when in the second position,

wherein said plain bearing assembly further com-
prises a controller (66) operatively coupled to the
movable member and configured to control the
movement of the movable member between the first
and second positions,
and wherein said plain bearing assembly further
comprises a sensor (82) operatively coupled to the
controller for sensing the angular velocity of the
shaft, the controller positioning the movable member
in the first position when the angular velocity is above
a threshold value and positioning the movable mem-
ber in the second position when the angular velocity
is below the threshold value.

2. A plain bearing assembly according to claim 1, fur-
ther comprising:

an actuator (64) operatively coupled to the mov-
able member for moving the movable member
between the first and second positions.

3. A plain bearing assembly according to claim 1 or 2,
further comprising:

a port (68) formed in the movable member and
open to the movable portion of the bearing sur-
face; and
a pump (70) operatively coupled to the port and
configured to be in fluid communication with the
fluid cavity when the movable member is in the
second position.

4. A plain bearing assembly according to any of claims
1-3, wherein the bearing assembly is configured as
the main bearing assembly of the wind turbine.

5. A plain bearing assembly according to any of claims
1-4, wherein the plain bearing assembly is config-
ured as a cylindrical plain bearing, a spherical plain
bearing, or a truncated spherical plain bearing.

6. A plain bearing assembly according to any of claims
1-5, further comprising:

a port (78) formed in the stationary portion of the
bearing surface; and
a fluid reservoir (72) operatively coupled to the
port for supplying fluid to the bearing assembly.
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7. A plain bearing assembly according to claim 6, fur-
ther comprising a shallow groove (80) formed in the
stationary portion of the bearing surface, the port be-
ing positioned in the groove.

8. A plain bearing assembly according to any of claims
1-4, wherein the geometry of the shaft and bearing
surface are configured so as to support a radial load-
ing of the shaft and at least a partial longitudinal load-
ing of the shaft.

9. A plain bearing assembly according to any of claims
1-4, further comprising a thrust pad (164) for sup-
porting a load on the shaft in a longitudinal direction.

10. A wind turbine (10), comprising:

a tower (12);
a nacelle (14) located adjacent a top of the tower;
a rotor (16) having a hub (20) and a plurality of
blades (22) extending therefrom and configured
to interact with the wind to rotate the rotor;
a main rotary shaft (26) coupled to the rotor and
extending within the nacelle; and
a main bearing assembly (28) positioned in the
nacelle for supporting the shaft therein, the main
bearing assembly comprising a plain bearing as-
sembly according to any of claims 1-9.

11. A method of operating a plain bearing assembly (28)
of a wind turbine (10), the bearing assembly having
a bearing surface (46) defining a passageway and
a shaft (26) received therein, comprising:

configuring the plain bearing assembly to oper-
ate in a first operating mode;
operating the plain bearing assembly in the first
operating mode;
configuring the plain bearing assembly in a sec-
ond operating mode; and
operating the plain bearing assembly in the sec-
ond operating mode,
wherein the configuring steps occur during op-
eration of the wind turbine wherein said method
further comprises monitoring the angular veloc-
ity of the shaft, and configuring the plain bearing
assembly to operate in the first operating mode
when the angular velocity of the shaft is greater
than a threshold value, and the plain bearing
assembly is configured to operate in the second
operating mode when the angular velocity of the
shaft is less than the threshold value.

12. A method according to claim 11, wherein operating
the plain bearing assembly in the first operating
mode includes operating the plain bearing assembly
as a hydrodynamic bearing, and operating the plain
bearing assembly in the second operating mode in-

cludes operating the plain bearing assembly as a
hydrostatic bearing.

13. A method according to claim 11 or 12, wherein the
bearing surface includes a stationary portion (56)
and a movable portion (58), the movable portion of
the bearing surface being defined by a movable
member (60),
wherein configuring the plain bearing assembly to
operate in a first operating mode includes moving
the movable member to a first position such that the
movable portion of the bearing surface is flush with
the stationary portion of the bearing surface to
present a substantially smooth topology to the bear-
ing surface, and
wherein configuring the plain bearing assembly to
operate in the second operating mode includes mov-
ing the movable member to a second position such
that the movable portion of the bearing surface is
spaced from the stationary portion of the bearing sur-
face so as to define a fluid cavity (76) in the bearing
surface.

14. A method according to any of claims 11-13, further
comprising:

supporting the radial loading of the shaft and at
least part of the longitudinal loading of the shaft
using the plain bearing assembly.

15. A method according to any of claims 11-14, further
comprising:

supporting at least part of the longitudinal load-
ing of the shaft with a thrust pad (164).

Patentansprüche

1. Gleitlageranordnung (28) für eine Windturbine (10),
die dafür konfiguriert ist, eine Welle (26) aufzuneh-
men, wobei die Gleitlageranordnung umfasst:

ein Lagergehäuse (34), das einen Durchgang
(36) enthält, der konfiguriert ist, die Welle darin
aufzunehmen;
eine Auflagefläche (46), die den Durchgang de-
finiert und einen stationären Abschnitt (56) und
einen beweglichen Abschnitt (58) enthält; und
ein bewegliches Element (60), das mit dem La-
gergehäuse (34) verbunden ist und den beweg-
lichen Abschnitt (58) der Auflagefläche definiert,
wobei das bewegliche Element zwischen einer
ersten Position und einer zweiten Position be-
weglich ist, wobei dann, wenn das bewegliche
Element in der ersten Position ist, der bewegli-
che Abschnitt der Auflagefläche bündig mit dem
stationären Abschnitt der Auflagefläche derart
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ist, dass die Auflagefläche eine im Wesentlichen
glatte Topologie darstellt, und wobei dann, wenn
das bewegliche Element in der zweiten Position
ist, der bewegliche Abschnitt der Auflagefläche
von dem stationären Abschnitt der Auflageflä-
che entfernt beabstandet ist, um einen Fluid-
hohlraum (76) in der Auflagefläche zu definie-
ren,
wobei die Gleitlageranordnung ferner eine Steu-
ereinheit (66) umfasst, die operativ mit dem be-
weglichen Element verbunden ist und konfigu-
riert ist, die Bewegung des beweglichen Ele-
ments zwischen der ersten Position und der
zweiten Position zu steuern,
und wobei die Gleitlageranordnung ferner einen
Sensor (82) umfasst, der operativ mit der Steu-
ereinheit verbunden ist, um die Winkelge-
schwindigkeit der Welle sensorisch zu erfassen,
wobei die Steuereinheit das bewegliche Ele-
ment in der ersten Position positioniert, wenn
die Winkelgeschwindigkeit über einem Schwel-
lenwert liegt, und das bewegliche Element in der
zweiten Position positioniert, wenn die Winkel-
geschwindigkeit unter dem Schwellenwert liegt.

2. Gleitlageranordnung nach Anspruch 1, die ferner
umfasst:

eine Betätigungsvorrichtung (64), die mit dem
beweglichen Element verbunden ist, um das be-
wegliche Element zwischen der ersten Position
und der zweiten Position zu bewegen.

3. Gleitlageranordnung nach Anspruch 1 oder 2, die
ferner umfasst:

einen Anschluss (68), der in dem beweglichen
Element gebildet ist und offen gegenüber dem
beweglichen Abschnitt der Auflagefläche ist;
und
eine Pumpe (70), die operativ mit dem An-
schluss verbunden ist und konfiguriert ist, um in
einer Fluidkommunikation mit dem Fluidhohl-
raum zu stehen, wenn das bewegliche Element
in der zweiten Position ist.

4. Gleitlageranordnung nach einem der Ansprüche 1
bis 3, wobei die Gleitlageranordnung als die Haupt-
gleitlageranordnung der Windturbine konfiguriert ist.

5. Gleitlageranordnung nach einem der Ansprüche 1
bis 4, wobei die Gleitlageranordnung als ein zylind-
risches Gleitlager, ein Gelenklager oder als ein ver-
kürztes Gelenklager konfiguriert ist.

6. Gleitlageranordnung nach einem der Ansprüche 1
bis 5, die ferner umfasst:

einen Anschluss (78), der in dem stationären
Abschnitt der Auflagefläche gebildet ist; und
ein Fluidreservoir (72), das operativ mit dem An-
schluss verbunden ist, um der Lageranordnung
Fluid zuzuführen.

7. Gleitlageranordnung nach Anspruch 6, die ferner ei-
nen flachen Einschnitt (80) umfasst, der in dem sta-
tionären Abschnitt der Auflagefläche gebildet ist, wo-
bei sich der Anschluss in dem Einschnitt befindet.

8. Gleitlageranordnung nach einem der Ansprüche 1
bis 4, wobei die Geometrie der Welle und der Aufla-
gefläche konfiguriert ist, um eine radiale Belastung
der Welle und mindestens eine teilweise Längsbe-
lastung der Welle zu unterstützen.

9. Gleitlageranordnung nach einem der Ansprüche 1
bis 4, die ferner einen Druckring (164) umfasst, um
eine Belastung auf der Welle in einer Längsrichtung
zu unterstützen.

10. Windturbine (10), die umfasst:

einen Turm (12);
eine Gondel (14), die benachbart zu einer Spitze
des Turms angeordnet ist;
einen Rotor (16) mit einer Nabe (20) und mit
mehreren Blättern (22), die sich von dort erstre-
cken und konfiguriert sind, mit dem Wind in
Wechselwirkung zu treten, um den Rotor zu dre-
hen;
eine Hauptdrehwelle (26), die mit dem Rotor ge-
koppelt ist und sich innerhalb der Gondel er-
streckt; und
eine Hauptlageranordnung (28), die in der Gon-
del positioniert ist, um die Welle darin zu unter-
stützen, wobei die Hauptlageranordnung eine
Gleitlageranordnung nach einem der Ansprü-
che 1 bis 9 umfasst.

11. Verfahren zum Betreiben einer Gleitlageranordnung
(28) einer Windturbine (10), wobei die Lageranord-
nung eine Auflagefläche (46), die einen Durchgang
definiert, und eine Welle (26), die darin aufgenom-
men wird, aufweist, wobei das Verfahren umfasst:

Konfigurieren der Gleitlageranordnung, um in
einer ersten Betriebsweise zu arbeiten;
Betreiben der Gleitlageranordnung in der ersten
Betriebsweise;
Konfigurieren der Gleitlageranordnung in einer
zweiten Betriebsweise; und
Betreiben der Gleitlageranordnung in der zwei-
ten Betriebsweise,
wobei die Konfigurationsschritte während des
Betriebs der Windturbine stattfinden,
wobei das Verfahren ferner ein Überwachen der
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Winkelgeschwindigkeit der Welle und ein Kon-
figurieren der Gleitlageranordnung, um diese
um in der ersten Betriebsweise zu betreiben,
wenn die Winkelgeschwindigkeit der Welle grö-
ßer als ein Schwellenwert ist, umfasst, und wo-
bei die Gleitlageranordnung konfiguriert wird,
um in der zweiten Betriebsweise zu arbeiten,
wenn die Winkelgeschwindigkeit der Welle klei-
ner als der Schwellenwert ist.

12. Verfahren nach Anspruch 11, wobei ein Betreiben
der Gleitlageranordnung in der ersten Betriebsweise
ein Betreiben der Gleitlageranordnung als ein hydro-
dynamisches Lager enthält, und wobei ein Betreiben
der Gleitlageranordnung in der zweiten Betriebswei-
se ein Betreiben der Gleitlageranordnung als ein hy-
drostatisches Lager enthält.

13. Verfahren nach Anspruch 11 oder 12, wobei die Auf-
lagefläche einen stationären Abschnitt (56) und ei-
nen beweglichen Abschnitt (58) enthält, wobei der
bewegliche Abschnitt der Auflagefläche durch ein
bewegliches Element (60) definiert ist,
wobei ein Konfigurieren der Gleitlageranordnung,
um in einer ersten Betriebsweise zu arbeiten, ein
Bewegen des beweglichen Elements zu einer ersten
Position derart enthält, dass der bewegliche Ab-
schnitt der Auflagefläche bündig mit dem stationären
Abschnitt der Auflagefläche ist, um eine im Wesent-
lichen glatte Topologie der Auflagefläche darzustel-
len, und
wobei ein Konfigurieren der Gleitlageranordnung,
um in der zweiten Betriebsweise zu arbeiten, ein Be-
wegen des beweglichen Elements zu einer zweiten
Position derart enthält, dass der bewegliche Ab-
schnitt der Auflagefläche von dem stationären Ab-
schnitt der Auflagefläche beabstandet ist, um einen
Fluidhohlraum (76) in der Auflagefläche zu definie-
ren.

14. Verfahren nach einem der Ansprüche 11 bis 13, das
ferner umfasst:

Unterstützen der radialen Belastung der Welle
und mindestens einen Teil der Längsbelastung
der Welle unter Verwendung der Gleitlageran-
ordnung.

15. Verfahren nach einem der Ansprüche 11 bis 14, das
ferner umfasst:

Unterstützen mindestens eines Teils der Längs-
belastung der Welle mit einem Druckring (164).

Revendications

1. Ensemble palier lisse (28) destiné à une turbine éo-

lienne (10) configuré pour recevoir un arbre (26),
comprenant :

un logement (34) de palier comprenant un pas-
sage (36) configuré pour y recevoir l’arbre ; une
surface (46) de palier délimitant le passage et
comprenant une partie fixe (56) et une partie
mobile (58) ; et
un élément mobile (60) accouplé au logement
(34) de palier et délimitant la partie mobile (58)
de la surface de palier, l’élément mobile pouvant
se déplacer entre une première position et une
seconde position, la partie mobile de la surface
de palier étant alignée sur la partie fixe de la
surface de palier de sorte que la surface de pa-
lier présente une topologie sensiblement régu-
lière quand il se trouve dans la première posi-
tion, la partie mobile de la surface de palier étant
espacée de la partie fixe de la surface de palier
de manière à délimiter une cavité de fluide (76)
dans la surface de palier quand il se trouve dans
la seconde position,
dans lequel ledit ensemble palier lisse com-
prend en outre un dispositif de commande (66)
fonctionnellement accouplé à l’élément mobile
et configuré pour commander le déplacement
de l’élément mobile entre les première et secon-
de positions,
et dans lequel ledit ensemble palier lisse com-
prend en outre un capteur (82) fonctionnelle-
ment accouplé au dispositif de commande pour
détecter la vitesse angulaire de l’arbre, le dis-
positif de commande positionnant l’élément mo-
bile dans la première position quand la vitesse
angulaire est supérieure à une valeur seuil et
positionnant l’élément mobile dans la seconde
position quand la vitesse angulaire est inférieure
à la valeur seuil.

2. Ensemble palier lisse selon la revendication 1, com-
prenant en outre :

un actionneur (64) fonctionnellement accouplé
à l’élément mobile pour déplacer l’élément mo-
bile entre les première et seconde positions.

3. Ensemble palier lisse selon la revendication 1 ou 2,
comprenant en outre :

un orifice (68) formé dans l’élément mobile et
débouchant sur la partie mobile de la surface de
palier ; et
une pompe (70) fonctionnellement accouplée à
l’orifice et configurée pour être en communica-
tion fluidique avec la cavité de fluide quand l’élé-
ment mobile se trouve dans la seconde position.

4. Ensemble palier lisse selon l’une quelconque des
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revendications 1-3, dans lequel l’ensemble palier a
la configuration d’un ensemble palier principal de la
turbine éolienne.

5. Ensemble palier lisse selon l’une quelconque des
revendications 1-4, dans lequel l’ensemble palier lis-
se a la configuration d’un palier lisse cylindrique, d’un
palier lisse sphérique ou d’un palier lisse sphérique
tronqué.

6. Ensemble palier lisse selon l’une quelconque des
revendications 1-5, comprenant en outre :

un orifice (78) formé dans la partie fixe de la
surface de palier ; et
un réservoir de fluide (72) fonctionnellement ac-
couplé à l’orifice pour apporter le fluide à l’en-
semble palier.

7. Ensemble palier lisse selon la revendication 6, com-
prenant en outre une rainure peu profonde (80) for-
mée dans la partie fixe de la surface de palier, l’orifice
étant positionné dans la rainure.

8. Ensemble palier lisse selon l’une quelconque des
revendications 1-4, dans lequel la géométrie de l’ar-
bre et de la surface de palier est configurée de ma-
nière à supporter un chargement radial de l’arbre et
au moins un chargement longitudinal partiel de l’ar-
bre.

9. Ensemble palier lisse selon l’une quelconque des
revendications 1-4, comprenant en outre un patin de
butée (164) pour supporter une charge sur l’arbre
dans une direction longitudinale.

10. Turbine éolienne (10), comprenant :

une tour (12) ;
une nacelle (14) située adjacente à une partie
supérieure de la tour ;
un rotor (16) comportant un moyeu (20) et une
pluralité de pales (22) s’étendant depuis celui-
ci et configurées pour entrer en interaction avec
le vent afin de faire tourner le rotor ;
un arbre rotatif principal (26) accouplé au rotor
et s’étendant dans la nacelle ; et
un ensemble palier rotatif (28) positionné dans
la nacelle pour y supporter l’arbre, l’ensemble
palier principal comprenant un ensemble palier
lisse selon l’une quelconque des revendications
1-9.

11. Procédé de fonctionnement d’un ensemble palier lis-
se (28) d’une turbine éolienne (10), l’ensemble palier
possédant une surface (46) de palier délimitant un
passage et un arbre (26) reçu dans celui-ci,
comprenant :

la configuration de l’ensemble palier lisse pour
qu’il fonctionne dans un premier mode de
fonctionnement ;
le fonctionnement de l’ensemble palier lisse
dans le premier mode de fonctionnement ;
la configuration de l’ensemble palier lisse pour
qu’il fonctionne dans un second mode de
fonctionnement ;
le fonctionnement de l’ensemble palier lisse
dans le second mode de fonctionnement ;
dans lequel les étapes de configuration ont lieu
pendant le fonctionnement de la turbine éolien-
ne,
dans lequel le procédé comprend en outre le
contrôle de la vitesse angulaire de l’arbre, et la
configuration de l’ensemble palier lisse pour
qu’il fonctionne dans le premier mode de fonc-
tionnement quand la vitesse angulaire de l’arbre
est supérieure à une valeur seuil,
et l’ensemble palier lisse est configuré pour
fonctionner dans le second mode de fonction-
nement quand la vitesse angulaire de l’arbre est
inférieure à la valeur seuil.

12. Procédé selon la revendication 11, dans lequel le
fonctionnement de l’ensemble palier lisse dans le
premier mode de fonctionnement comprend le fonc-
tionnement de l’ensemble palier lisse en tant que
palier hydrodynamique, et le fonctionnement de l’en-
semble palier lisse dans le second mode de fonc-
tionnement comprend le fonctionnement de l’en-
semble palier lisse en tant que palier hydrostatique.

13. Procédé selon la revendication 11 ou 12, dans lequel
la surface de palier comprend une partie fixe (56) et
une partie mobile (58), la partie mobile de la surface
de palier étant délimitée par un élément mobile (60),
dans lequel la configuration de l’ensemble palier lis-
se pour qu’il fonctionne dans un premier mode de
fonctionnement comprend le déplacement de l’élé-
ment mobile vers une première position de sorte que
la partie mobile de la surface de palier soit dans l’ali-
gnement de la partie fixe de la surface de palier afin
de présenter une topologie sensiblement régulière
à la surface de palier, et
dans lequel la configuration de l’ensemble palier lis-
se pour qu’il fonctionne dans le second mode de
fonctionnement comprend le déplacement de l’élé-
ment mobile vers une seconde position de sorte que
la partie mobile de la surface de palier soit espacée
de la partie fixe de la surface de palier de façon à
délimiter une cavité de fluide (76) dans la surface de
palier.

14. Procédé selon l’une quelconque des revendications
11-13, comprenant en outre :

le support du chargement radial de l’arbre et
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d’au moins une partie du chargement longitudi-
nal de l’arbre à l’aide de l’ensemble palier lisse.

15. Procédé selon l’une quelconque des revendications
11-14, comprenant en outre :

le support d’au moins une partie du chargement
longitudinal de l’arbre à l’aide d’un patin de butée
(164).

39 40 



EP 2 616 677 B1

22



EP 2 616 677 B1

23



EP 2 616 677 B1

24



EP 2 616 677 B1

25



EP 2 616 677 B1

26



EP 2 616 677 B1

27



EP 2 616 677 B1

28



EP 2 616 677 B1

29



EP 2 616 677 B1

30



EP 2 616 677 B1

31



EP 2 616 677 B1

32



EP 2 616 677 B1

33



EP 2 616 677 B1

34



EP 2 616 677 B1

35



EP 2 616 677 B1

36

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 4322116 A [0011]
• EP 2101071 A [0012]

• SU 985496 [0013]


	bibliography
	description
	claims
	drawings
	cited references

