
VIBRATION LOAD REDUCTION SYSTEM FOR A WIND TURBINE
BACKGROUND OF THE INVENTION This invention relates generally to
wind turbines and more particularly to a vibration  load reduction system
for a wind turbine. During operation, wind turbines are subjected to two
types of loading. One of them is  the temporary loading that occurs during
an extreme gust of wind acting on the wind  turbine rotor blades or an
extreme wave breaking in offshore sites. The second type of  loading is
the relatively lower amplitude fatigue loading that repeats itself during a
much longer period. This type of loading occurs during general wind
turbulence and  regular wave breaking in offshore situations. Current
measures to counteract the  extreme loading situation include turning the
pitch angle to a feathered position and  ensuring the tower design is
adequate by properly selecting the material and  reinforcing the structure.
In addition a vibration opposer could help mitigate the  extreme loading as
well as reduce fatigue-loadings. The dynamic loading on the wind turbine
is the vibration in the tower induced by the  single extreme peak load or
periodic excitation force from wind or wave. Generally,  designing a stiff
tower is the simple and safe solution to counteract the loads.  However,
when the height exceeds 60-70 meters, this solution is not always
practical  because of the huge mass of material needed. Thus, the
stiffness should be kept as  low as is feasible, which leads to a "soft"
tower design and the potential for more  vibration. One solution for
reducing the vibration loading in a tower of a wind turbine is  discussed in
WO 00/77394, which uses a square box partially filled with liquid for
damping oscillations of the first natural bending frequency of the wind
turbine. The  box provides for uni-directional damping of vibrations in the
tower of the wind  turbine along the two straight sides. However, because
the vibrations on the tower  can be multi-directional, this solution is not as
effective against the vibrations on the  



tower from all of the directions. 1 BRIEF DESCRIPTION OF THE
INVENTION One aspect of the present invention provides a wind turbine
comprising: a tower; a  nacelle supported at an upper end of a tower; a
rotor having at least one blade, said  rotor being arranged at said nacelle;
and a vibration load reduction system disposed at  either said tower or
said nacelle, said vibration load reduction system includes: a base;  at
least two columns extending from said base; and a flowable mass located
within  said base and said at least two columns. An alternate aspect of the
present invention provides a method of reducing a vibration  at a wind
turbine, the method comprising: providing a vibration load reduction
system  at a tower of said wind turbine; operating said wind turbine so as
to incur a multi- directional vibration at said tower; and reducing said
multi-directional vibration with  said vibration load reduction system;
wherein said vibration load reduction system is  disposed at either said
tower or a nacelle, and said vibration load reduction system  comprises: a
base; at least two columns extending from said base; and a flowable
mass located within said base and said at least two columns. BRIEF
DESCRIPTION OF THE DRAWINGS Referring now to the drawings
wherein like elements are numbered alike in the  several FIGURES: FIG.
1 illustrates a wind turbine having a vibration load reduction system. FIG.
2 illustrates respective axes and rotational vibration about each
corresponding to  the wind turbine of FIG. 1. FIG. 3 illustrates the vibration
load reduction system located at a nacelle of the wind  turbine. 2 FIGS. 4
and 5 illustrate the vibration load reduction system located near a top of a



tower of the wind turbine. FIG. 6 illustrates a top plan view of the vibration
load reduction load system located  on a tower of the wind turbine and the
vibration load reduction system having eight  columns. FIG. 7 illustrates
an elevation view of the vibration reduction load system of FIG. 6.  FIG. 8
illustrates a top plan view of the vibration load reduction system located
inside  a tower of the wind turbine and the vibration load reduction system
having four  columns. FIG. 9 illustrates an elevation view of the vibration
load reduction system of FIG. 8.  DETAILED DESCRIPTION OF THE
INVENTION Figure 1 illustrates a wind turbine 10 having a rotor 12 that
includes a number of  blades 14 and a hub 15. The rotor 12 is arranged at
a nacelle 16, which is placed on  the top of a tower 18. Nacelle 16 holds a
gearbox and a generator (not shown). Wind  turbine 10 includes a
vibration load reduction system 20, which may be located within  the top
20% of the tower or at the top of the tower 18. When the vibration load
reduction system 20 is at the top of the tower 18, the vibration load
reduction system  may be located at the nacelle 16, which is either merely
an extension of the tower 18  or independently yawed structure relative to
tower 18, as the nacelle 16 is attached to  the top of the tower 18.
Vibration load reduction system 20 may be located either  inside or
outside the nacelle 16 and the tower 18. During operation and under an
extreme wind loading event such as extreme gust and  lost of grid, wind
turbine 10 experiences a vibration at tower 18 that occurs in at least  a
first direction 21, which is perpendicular to a turning plane of the blades
14. The  turning plane of the blades 14 corresponds to a vertical axis 36
and an axis 33  corresponding to a vertical plane illustrated in Figure 2.
Further, it will be recognized  by one skilled in the pertinent art that there
will be translational vibration in a  direction 33 perpendicular to the
direction or axis 21 defining a horizontal plane  



3 therewith and rotational vibration around axis 21, axis 33 perpendicular
to axis 21  defining the horizontal plane in Figure 2, and a vertical axis 36
defining a vertical  plane with axis 33. Rotational vibration about axes 21,
33, and 36 is indicated  generally with double-ended arrows 37. Vibration
load reduction system 20 reduces  the vibration, the load, and the
movement of tower 18. Referring to Figures 3-9, vibration load reduction
system 20 includes at least two  columns 22, a base 24, and a valve 26
located between the two columns 22. Each  column 22 extends from the
base 24. The number of columns 22 depends on various  factors such as
the available space, shape and. sizing of the columns 22. Base 24 may
be any shape and is illustrated as being round, so as to fit around the top
of the tower  18, or rectangular, so as to fit within the inside of nacelle 16.
When base 24 is located  at tower, base 24 may also be triangular,
square, rectangular, or polygon shape. When  base 24 is round or polygon
and has at least three columns 22, vibration load  reduction system 20 is
able to reduce vibration loads that are multi-directional. When  base 24 is
rectangular and has at least three columns 22, vibration load reduction
system is able to reduce vibration loads that are multi-directional. It will be
noted that  reducing multi-directional vibration means reducing vibration in
two or more  dimensions. There is a movable or fluid mass 28 (hereinafter
referred to as "fluid mass") located in  the columns 22 and the base 24.
The fluid mass 28 includes any type of mass that can  have motion, such
as liquid, fine sand, small ball bearings, etc. The fluid mass 28 is  evenly
distributed through the columns 22 and the base 24. As the tower 18
starts to  oscillate back and forth, the fluid mass 28 in the column 22 will
flow up and down in  each column 22, with the flow rate of the fluid mass
28 being controlled or tuned. The vibration load reduction system 20 can
be tuned by varying the fluid mass height  in the columns 22 when the
system is at rest and not in motion, and also by varying  



the length of the base 24 between the columns 22. This tuning process
varies the  natural frequency of the device so that the frequency can be
matched to the first  bending frequency of the wind turbine tower. 4
Another manner of controlling the vibration reduction of the system 20 is
through the  valve 26. The valve opening ratio affects the head-loss
coefficient which in turn  affects the internal damping of the system. The
internal damping of the means  determines the effective frequency
bandwidth and hence the robustness of the  effectiveness against the
shifting of the tower first bending frequency. Furthermore,  the internal
damping of the device governs how fast the device will damp out the
vibration energy. Although the main mechanism to achieve vibration load
reduction  is the inertia force instead of damping out the vibration by
internal damping of the  device, a relatively low level of the internal
damping will help maintain the system  internal stability. The valve
openings may be set at a fixed opening so as to control  the flow rate of
the fluid mass 28. In this case, the vibration load reduction system 20
would be considered a passive vibration load reduction system. In
addition, valves 26  may include proportional valves that may also be
actuated by a voltage signal  obtained from a battery or other power
source to obtain the required internal damping  without the use of a large
amount of power. In this case, because the settings of the  valve openings
can be changed automatically, the vibration load reduction system 20
would be considered a semi-active vibration load reduction system. In the
most  advanced technology stage, actively controlled pressure from
multiple air pumps can  be added on top of the columns to achieve an
active vibration load reduction system.  The vibration load reduction
system 20 includes at least three columns 22 so that the  fluid mass 28
can move back and forth between the three columns 22. When the base
24 is circular and there are at least three columns 22, the vibration load
reduction  system 20 provides for a reduction in vibration in the wind
turbine. The base 24 can  



be any shape and have a multi-directional motion of water that introduces
reduction in  vibration load. Additional columns 22 may be added to
provide a difference in  vibration load reduction along multiple directions.
In particular, Figure 3 illustrates an exemplary embodiment of the vibration
load  reduction system 20 located inside nacelle 16 and includes four
columns 22 that are  each located at the corners defining the rectangular
base 24. The valves 26 are  located between each of the columns 22. The
four column embodiment allows for  5 tuning of the vibration load
reduction system 20 to occur in at least two directions,  which is shown as
a first direction 30 and a second direction 32. Figures 4-9 illustrate an
exemplary embodiment of the vibration load reduction  system 20 located
near the top of the tower 18 underneath the nacelle 16. In this case,  the
vibration load reduction system 20 is located either on the outside of the
tower 18  or inside tower 18. The exemplary embodiments of Figures 4-7
illustrate the  vibration load reduction system 20 with eight columns 22,
which include four sets of  two columns 22, and the four sets of columns
are evenly distributed around the base  24. The use of additional columns
allows for the height of the columns 22 to be  shorter. There are four
orifices or valves 26, with each valve 26 being located  between each of
the sets of columns 22. Here, the base 24 is circular so as to fit  properly
around the tower 18. Figures 8 and 9 illustrate an additional embodiment
of  the vibration load reduction system inside the tower 18 and shows four
columns 22  with a valve 26 located between each column 22. Additional
columns 22 located  around the base 24 are also contemplated. The
vibration load reduction system 20 may be located anywhere near or at
the top of  the wind turbine. In exemplary embodiments, the vibration load
reduction system is  shown as being attached to the outside of the tower
18 (FIG. 5), the inside of the  tower 18 (FIG. 4), and as being attached to
the inside of the nacelle 16 (FIG. 3). The  



benefit of the system 20 is that it may be added to existing wind turbines
as a retro-fit  solution. The vibration load reduction system 20 is attached
and secured to either the  tower 18 or the nacelle at the base 24. The
columns 22 extend in an upward direction  and do not need to be
specifically secured to the tower 18 or nacelle 16. The  attachment of the
vibration load reduction system to the wind turbine may be  accomplished
in any manner, such as brackets, bolts, welding, magnets, etc. There are
a number of design issues for the vibration load reduction system 20. The
first issue is the choice of fluid mass 28 in the system. Fluid mass 28
includes both  liquids and solids. Liquids include water, gasoline, engine
oil, some heavy density  mining selection fluid, and any other low viscosity
liquid. In addition, the liquids  may also include compounds to help
counteract the effects of weather or include an  6 electric heater disposed
inside the vibration load reduction system. For instance, salt  or antifreeze
fluid such as but not limited to glycols may be added to reduce freezing
and/or evaporation. A thin layer of oil may also cover the liquid to help
prevent  evaporation. An advantage to using a liquid such as water is that
the water is low cost  and readily available. In addition, the weight range of
the water may range from 0.5 to 8 percent of the  weight of rotor blades
14, hub 15, and nacelle 16. In an exemplary embodiment, the  rotor
blades 14, hub 15, and nacelle 16 range in weight from about 80-300
tons.  Thus, the weight of the water inside the vibration load reduction
system would be  approximately 0.4 tons to 24 tons. However, one issue
of using water is that there may be a large volume of fluid mass  28 and it
may be undesirable to fit such a large volume of water into the nacelle 16
or  onto the top of the tower 18. Thus, materials of higher density will
reduce the volume  of the fluid mass 28. A higher density fluid mass 28
includes fine sand, mercury,  small ball bearings, or other solids that will
produce a flow when the columns 22 are  



oscillating. When using the ball bearings, lubrication may be used to
ensure that the  ball bearings will move properly within the columns when
the tower oscillates. In  addition, ball bearings may be placed into oil or
some other liquid to add additional  mass to a liquid fluid mass 28. It is
noted that any type of flowable mass 28 that will  oscillate in
counter-phase with the oscillations of the tower 18 may be utilized. There
are also a number of ratios that are taken into consideration when
designing the  system. The first ratio is the mass ratio, which is the weight
of the fluid mass or  flowable mass 28 to the combined weight of the rotor
blades 14, hub 15 and nacelle  16. In an exemplary embodiment, the
mass ratio ranges from 0.5% to 8.0%. The second ratio is the length. ratio,
which is the horizontal length of the base 24 to the  total length of the
vibration load reduction system 20 for a system with two columns  22. The
total length of the vibration load reduction system is the vertical height of
the  column 22 multiplied by two plus the horizontal length of the base 24.
When there  are more than two columns 22, the equivalent total water
length is calculated.  7 Generally, when increasing the length ratio, the
efficiency of the vibration load  reduction system increases. However, the
vertical length of the column 22 should be  designed with enough length
so that fluid mass 28 does not spill out of the column 22.  In addition, fluid
mass 28 should remain in the column 22 at all times to provide  continuity
to the system 20. The third ratio is the tuning ratio (yopt), which is the ratio
of the natural frequency of  the vibration load reduction system 20 to the
first modal frequency of the wind turbine  10. When the natural frequency
of the structure changes by dw5, (frequency for  structure/base structure)
the total length of the vibration load reduction system 20  needs to be
compensated by the following relation, A/= 43 Aws  (01),  



where Aws = change in natural frequency of the tower 18,  g =
acceleration of gravity, and Al = change in total length of vibration system,
which is the vertical length of the  column 22 multiplied by 2 plus the
horizontal length of base 24. This formula allows for the change in the
total length of the vibration load reduction  system 20 to be calculated
when the wind turbine first bending mode frequency  changes. When
different diameters of the column 22 are utilized, there is a  conversion for
the length of the column so that the liquid volume stays the same. The
overall damping ratio is the ratio with which the combination of the wind
turbine  and the vibration load reduction system 20 dissipates the kinetic
energy of the fluid  mass 28 inside the vibration load reduction system 20.
In an exemplary embodiment,  the overall damping ratio of the vibration
load reduction system 20 will be  substantially below an equivalent
logarithmic decrement of 2.0%, with a preferable  overall damping ratio
below an equivalent logarithmic decrement of 1.0%. The main  8 effect of
the vibration load reduction system comes from the counter-actuating
force  from the motion of the inertia. When the damping ratio is lower,
there is more  counteracting effect of the vibration load reduction system
20 and thus, the vibration  load reduction system 20 works with greater
efficiency. Logarithmic decrement, 6, of  the system is defined by: B= I
ln(ai)  n a, where n is the number of oscillations; a, is the amplitude of the
jIrst peak of a sinusoidal wave signal;  a" is the amplitude of the n-th peak
of a sinusoidal wave signal. The size of each of the columns 22 is also
considered when designing the vibration  



load reduction system 20. The total length of the vibration load reduction
system 20,  which is the height of the column 22 multiplied by two plus the
horizontal length of  the base 24, will vary depending on the
cross-sectional area of the column 22 and the  base 24. The total length of
the vibration load reduction system 20 also depends on  whether the
columns 22 are individual columns 22, such as that shown in Figure 3, or
the columns are grouped together in sets, such as that shown in Figure 4.
The total  length of the vibration load reduction system 20 may be
calculated based on the  following formula: 1, = 2g/(e)sj2 = 2g/(2 f)2 le =
the length of the vibration load reduction system 20,  g = acceleration of
gravity, and ws = 2nfT = the first natural frequency of the wind turbine
system in r ad/s.  fT = the first natural frequency of the wind turbine
system in Hz. 9 Further sizing of the vibration load reduction system
depends on the configuration.  For example, the exemplary embodiments
in Figures 6 and 7 have an equivalent water  column length as: le-24 + 4
D    H 4  where le - Equivalent total length for frequency calculation  D -
Base ring center diameter AH- Horizontal Ring Area  Ly - Vertical column
height  AV -Vertical Column Area  ~ - Headless coefficient 



p - Liquid density The outer diameter D of the base ring 24 may be
determined by the geometry of the  tower especially when the vibration
load reduction system is installed inside the tower  18 or nacelle 16. The
cross-sectional area ratio AV/ AH between the column 22 and  base ring
24 could be picked up based on the vertical space limitation inside the
tower  top or nacelle. A good starting point is to use 2:1 to save on the
vertical height so that  the system can be disposed at a location. as high
as possible, thus benefiting the  effectiveness. So the vertical water
colunm height Ly could be calculated as:  ( A fD L 1 le A x  So the
cross-sectional area of the column 22 for the exemplary system in Figures
6  and 7 could be calculated as: 10 UMwrc  A"= p~4LV +Ax-fD9  AV  p =
the mass ratio of the fluid mass 28, which is parameter that is selected
and in an  exemplary embodiment will be between 0.5% to 8%, MWTG =
the total weight of the rotor blades 14, hub 15, and nacelle 16,  p = the
density of water. As explained above, the orientation of the columns 22
may also vary, by having either  a rectangular orientation of the vibration
load reduction system 20 or a circular  orientation of the vibration load
reduction system. For ease of installation, the shape  of the system will
depend on the location of the vibration load reduction system 20 at  



either the nacelle 16 or the tower 18. In addition, the number and
placement of the  columns is dependent on the fundamental frequencies
in the wind turbine. The size of the valve openings at the valves 26 can
also be calculated. The size of the  valve openings controls the internal
damping ratio of the vibration load reduction  system and hence the
overall damping ratio of the combined system with turbine and  the
vibration reduction device. When the valve openings are smaller, the
internal  damping ratio is higher. As discussed above, it is preferable that
the internal damping  ratio be smaller. Thus, the vibration load reduction
system operates in an exemplary  embodiment with no valves 26 or at
least a valve with a large opening. In addition,  the valve 26 may also
operate merely as an on/off switch to the vibration load  reduction system
20. The material of the columns 22 and base 24 can also vary and include
such materials  as steel, plastic, etc. Plastic provides for a lower cost
system and also provides for a  lighter system, which allows for the total
weight of the system to be reduced. In an exemplary embodiment as
shown in Fig. 4, which has 4 sets of vertical  columns and 1 base ring and
uses water as a fluid mass 28, the following variables  were utilized: 11
Mass ratio  = 1.5% Top mass of the wind turbine 10equals Mwrc =
Mnaceile+rumr= 82200Kg Mass of the vibration load reduction system 20
equals MDan,per=0.015 *(82200 Kg)  1233 Kg Tower diameter = 4
meters. So the base ring center diameter D= 3.8 meters The Wind turbine
first bending frequency = 0.265 Hz. So the equivalent length of the
vibration load reduction system  le = 2g/(w, )' = 2g/(2 r )2 = 7.08 meters 



Choose an Av/Ax ratio as )2 to keep the device profile low.  Then the
vertical water column height is: Lv = 2 Cle - w ~ I = 0.556 meters  x Cross
section area of column 22 is  Av = 'uMrrr -0.015*822 0 0/1 0 0
0/(4*0.556+0.5*pi*3.8) = 0.1505 (m2).  p(4Lv+A;rD) Av  Av = AT, =
0.1505/2 = 0.0753 (m2)  CAV) The head loss coefficient = 20. 12 In
another exemplary embodiment in which a higher damper counter-acting
force is  needed, the following variables may be utilized: Mass ratio p =
5% Top mass of the wind turbine 10 equals M{WTG = Mnacerre+rotor =
82200Kg Mass of the vibration load reduction system 20 equals
MD,,,,,,,-O. 05*( 82200 Kg)  4110 Kg Tower diameter = 4 meters. So the
base ring center diameter D= 3.8 meters The Wind turbine first bending
frequency, fr= 0.265 Hz. So the equivalent length of the vibration load
reduction system  le = 2g/(ws)2 = 2g/(24f . )2 = 7.08 meters Choose an
Av/AH ratio as 2:1 to keep the device profile low.  Then the vertical water
column height is: LV = 1 Fle V D~ = 0.556 meters  



2 API Cross section area of column 22 is AV = PM""` 0.05 *82200/1000/(4
*0.556+0.5 *pi *3. 8) = 0.5016 (m2).  p~4LV + AH 70 All l  Ay = All, ==
0.5016/2 = 0.2508 (m2)  (A,,, The head loss coefficient = 50 13 These are
merely examples of sample vibration load reduction systems 20 that may
be  utilized. However. there are numerous other embodiments of the
vibration load  reduction system 20 envisioned. In addition, while the
invention has been described with reference to exemplary  embodiments,
it will be understood by those skilled in the art that various changes  may
be made and equivalents may be substituted for elements thereof without
departing from the scope of the invention. In addition, many modifications
may be  made to adapt a particular situation or material to the teachings of
the invention  without departing from the essential scope thereof.
Therefore, it is intended that the  invention not be limited to the particular
embodiment disclosed as the best mode  contemplated for carrying out
this invention, but that the invention will include all  embodiments falling
within the scope of the appended claims. Moreover, the use of  the terms
first, second, etc. do not denote any order or importance, but rather the
terms first, second, etc. are used to distinguish one element from another.
14 CLAIMS:  I . A wind turbine comprising: 



a tower; a nacelle supported at an upper end of a tower; a rotor having at
least one blade, said rotor being arranged at said nacelle;  and a vibration
load reduction system disposed at either said tower or said  nacelle, said
vibration load reduction system includes: a base; at least two columns
extending from said base; and a flowable mass located within said base
and said at least two  columns. 2. The wind turbine of claim 1, wherein
said base has a shape that is at least one of  round, rectangular, and
polygon. 3. The wind turbine of claim 1, wherein when said base has one
of a round shape  and a polygon shape and includes said at least two
columns extending from said base,  said base is receptive to
counteracting rotation of the nacelle relative to said tower. 4. The wind
turbine of claim 1, wherein when said base has a rectangular shape and
includes said at least three columns extending from said base, said base
is receptive to  counteracting rotation of the nacelle relative to said tower.
5. The wind turbine of claim 1, further comprising a valve located at said
base  between said columns. 6. The wind turbine of claim 1, wherein said
flowable mass is selected so that a flow  rate of said flowable mass will
move in counter-phase with a first bending frequency of  said tower. 15 7.
The wind turbine of claim 1, wherein said Plowable mass includes at least
one of a  liquid and ball bearings. 8. The wind turbine of claim 7, wherein
said liquid includes at least one of  



compounds that reduce freezing and evaporation and an electric heater
disposed inside  the vibration load reduction system. 9. The wind turbine
of claim 1, wherein said base is attached within said nacelle. 10. The wind
turbine of claim 1, wherein said base is attached at said upper end of  said
tower. 11. The wind turbine of claim 1, wherein said columns are evenly
distributed around  said base. 12. The wind turbine of claim 1, wherein
each of said columns includes a double  column arrangement in which two
columns are arranged next to each other. 13. A method of reducing a
vibration at a wind turbine, the method comprising:  providing a vibration
load reduction system at a tower of said wind  turbine; operating said wind
turbine so as to incur a multi-directional vibration at  said tower; and
reducing said multi-directional vibration with said vibration load reduction
system, wherein said vibration load reduction system is disposed at either
said  tower or a nacelle, and said vibration load reduction system
comprises: a base; at least two columns extending from said base; and a
flowable mass located within said base and said at least two  columns. 16
14. The method of claim 13, further comprising configuring said base
having a shape  that is at least one of round, rectangular, and polygon. 15.
The method of claim 14, wherein when said base has one of a round
shape and a  polygon shape and includes said at least two columns
extending from said base, said base  is receptive to counteracting rotation
of the nacelle relative to said tower. 



16. The method of claim 14, wherein when said base has a rectangular
shape and  includes said at least three columns extending from said base,
said base is receptive to  counteracting rotation of the nacelle relative to
said tower. 17. The method of claim 13, further comprising: disposing a
valve at said base  between said columns. 18. The method of claim 13,
wherein said flowable mass is selected so that a flow rate  of said flowable
mass will move in counter-phase with a first bending frequency of said
tower. 19. The method of claim 13, wherein said flowable mass includes
at least one of a  liquid and ball bearings. 17 VIBRATION LOAD
REDUCTION SYSTEM FOR A WIND TURBINE  ABSTRACT A wind
turbine includes a tower, a nacelle supported at an upper end of a tower, a
rotor  having at least one blade, the rotor being arranged at the nacelle;
and a vibration load  reduction system disposed at either the tower or the
nacelle. The vibration load reduction  system includes: a base; at least two
columns extending from the base; and a flowable  mass located within the
base and the at least two columns. Fig. 3 18 




