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(57) ABSTRACT 

A wind turbine system includes a variable blade assembly 
including adjustable sails and wing shaped masts expanding 
the wind velocity capture envelope. The blade assembly turns 
a hydraulic pump, which pressurizes fluid and stores the 
pressurized fluid in a chamber in the support tower. Pressur 
ized fluid is directed via an electronically controllable pro 
portioning valve to a hydraulic motor which is coupled to an 
electric generator. A computer control module operates the 
proportioning valve regulating pressure to the hydraulic 
motor, maintaining generator rotational speed, and providing 
consistent output frequency to the power grid. Stored energy 
in the high pressure tank is used to continue generator opera 
tion after the winds cease, allowing early warning notification 
to the power management system of impending power loss. 
Residual pressure maintained in the high pressure tankallows 
restart operations via hydraulic pressure rather than power 
grid energy drain. On site high energy capacitors store addi 
tional energy. 
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METHODS AND APPARATUS FOR 
ADVANCED WIND TURBINE DESIGN 

RELATED APPLICATIONS 

0001. The present application is a continuation of U.S. 
patent application Ser. No. 1 1/679,063 filed on Feb.26, 2007, 
which is a continuation of U.S. patent application Ser. No. 
11/190,687, filed on Jul. 27, 2005, which issued as U.S. Pat. 
No. 7,183.664, and which is hereby expressly incorporated 
by reference. 

FIELD OF THE INVENTION 

0002 The present invention relates to alternative energy 
Sources, and more particularly, to methods and apparatus for 
advanced wind turbine design. 

BACKGROUND 

0003 Current wind turbine designs typically utilize direct 
drive generators or gear driven generators coupled to the wind 
turbine shaft. In Such designs, there is an inherent problem in 
that as the wind speed varies the output frequency of the 
generator will also vary. However, for the generator output to 
be usable by the power grid, the output signal needs to be 
converted to match the power grid frequency, which is 60 Hz 
in the United States and 50 Hz in Europe. Typically, an addi 
tional frequency conversion stage is used to convert from the 
variable wind turbine generator output frequency to the con 
stant grid frequency. Such an additional frequency conversion 
stage can include invertors and/or other phase correction cir 
cuitry. Such conversion stages can be costly and complex to 
implement and maintain. In addition, there is an inherent 
inefficiency which results in the frequency conversion pro 
cess resulting in lost energy. It would be desirable if new 
methods and apparatus for wind turbine designs resulted in 
the generator output frequency being controlled to match the 
power grid frequency without the need for an additional fre 
quency conversion stage. 
0004 Current wind turbines designs which connect to a 
power grid provide no or very limited warning of the loss of 
output due to unfavorable wind conditions. Loss of generator 
output can be due to low wind or no wind conditions resulting 
in insufficient wind energy to continue to drive the turbine. 
Loss of generator output can also be due to high wind condi 
tions which could overstress the wind turbine elements if the 
wind turbine operation was allowed to continue, and thus the 
wind turbine is typically intentionally taken off-line during 
the interval of detected high winds to prevent damage to the 
wind turbine. Inconsistencies of the wind turbine generator 
output power level and rapid cutoffs result in balancing prob 
lems from the perspective of power grid management. Under 
Such conditions, the power grid has a very Small amount of 
time to locate and bring on line alterative sources of power to 
continue to balance the grid, regulate Voltage levels within an 
acceptable band, prevent line Voltage sagS/spikes in order to 
continue to meet customer energy requirements and/or main 
tain an acceptable quality of service. It would be desirable if 
new methods and apparatus for wind turbine designs resulted 
in the wind turbine generator output being controlled to pro 
vide a more uniform power output level irrespective of chang 
ing wind conditions. It would also be beneficial if new meth 
ods and apparatus of wind turbine designs provided for more 
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gradual degradations in energy output levels and/or provided 
earlier warnings to the power grid of an impending loss of 
output power. 
0005 Following a shutdown, current wind generator tur 
bines typically need to use electricity/power from the grid to 
reinitialize themselves and get back in operation. In many 
cases, a low velocity wind does not provide enough energy to 
start the rotation of the wind turbine so power from the grid is 
needed to drive a motor to start the spinning. Wind turbine 
start-up energy requirements place additional loads on the 
power grid. In a grid coupled to a larger number of similar or 
identical wind turbines in the same general area Subject to the 
approximately the same wind conditions, it would not be 
unusual for many of these wind generator turbines to try to 
start up at approximately the same time, thus placing a Sub 
stantial short term additional load on the grid. In view of the 
above, it would be advantageous if the methods and apparatus 
were developed which allowed the wind turbine generates to 
start up under their own power, following an interruption due 
to wind conditions, thus removing the start-up loading burden 
placed on the grid, which draws energy from the grid and 
tends to upset grid power balancing management. 
0006 Another problem facing current wind turbines is 
that the energy absorption bandwidth is typically rather nar 
row. Most current wind turbines are shut down at wind veloci 
ties which are either too low or too high. A typical wind 
velocity bandwidth for existing wind turbine systems is 
approximately 9 mph to 25 mph. It would be beneficial if new 
methods and apparatus of wind turbine designs expanded the 
energy absorption bandwidth allowing the wind turbine to 
continue to absorb wind energy for lower and/or higher wind 
Velocities than current systems, thus capturing more wind 
energy on average over time. 
0007 Current wind turbines have turbine blades, which 
are designed to produce energy in a 9 mph to 25 mph band. In 
order to produce energy in low Velocity winds the blades can 
be variable pitchblades, which allow for the capture of energy 
at low wind speeds. In order to be able to catch the low 
velocity wind energy and operate the turbine, the turbine 
blade area has to be sufficiently large. However, implement 
ing a large turbine blade area designed to accommodate the 
capture of wind energy at relatively low wind velocities 
becomes a detriment to the capture of wind energy at rela 
tively high wind Velocities, as the larger size blades increase 
the likelihood of potential structural failure at the high wind 
Velocities. Therefore, with Such an implementation using 
larger size turbine blades to capture energy from low velocity 
winds, the wind turbine is required to be shutdown at a lower 
upper wind Velocity limit to prevent potential structural dam 
age. In view of the above it would be advantageous if new 
methods of apparatus of wind turbine design are adaptive to 
accommodate the unique design requirements at both the low 
Velocity end and high Velocity end. 
0008 Current wind turbines have very limited or no 
energy storage capability. Intervals of high wind energy cap 
ture time due to favorable wind conditions within the energy 
absorption band typically do not correspond to customer 
power level requirements. The excess energy is typically 
either wasted, e.g., burned off by a power consuming activity 
of the wind turbine, or dumped into the grid with the grid 
power management adjusting energy input from another 
Source, e.g., decreasing energy output at fossil fuel power 
plant, to accommodate for the increased energy from the wind 
Source. Even Small improvements in wind turbines can lead to 
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significant energy efficiencies and corresponding environ 
mental benefits. Accordingly, it would be advantageous if 
methods and apparatus of wind turbines were developed so 
that the wind turbines included significant energy storage 
capability. In addition, it would be highly desirable if the 
range of wind speeds at which turbines could be used to 
produce power could be increased. 

SUMMARY OF THE INVENTION 

0009. The present invention is directed to methods and 
apparatus of advanced wind turbine design, control, and 
energy storage. Various features of the present invention may 
be deployed alone or in combination. 
0010. One feature of various embodiments of the present 
invention is that the wind turbine system includes a wind 
turbine blade assembly which is coupled to a hydraulic pump, 
e.g., directly, thru a gearbox, or thru a transmission assembly. 
In some such embodiments, the tower upon which the wind 
turbine blade assembly and/or hydraulic pump is mounted is 
a hollow tower, e.g. metallic steel chamber, which includes a 
high pressure vessel into which the wind turbine driven 
hydraulic pump sends the pressurized hydraulic fluid to the 
high pressure vessel, e.g., reservoir. The pressure vessel may 
be an integral part of the tower support structure. The tower 
can also include a low pressure feed reservoir, e.g., in its base. 
In some embodiments, the low pressure feed reservoir may be 
part of a separate structure, e.g., a base structure or an in 
ground tank. The low pressure inlet side of the hydraulic 
pump can be fed from the low pressure tank via a feed tube 
which is located internal to or adjacent to the tower. The 
high-pressure fluid output from the hydraulic pump is used to 
power a hydraulic motor, which is coupled to an electric 
generator. A hydraulic proportional control valve controls the 
speed/rpm at which hydraulic motor is turned which in turn 
controls the speed/rpm at which the generator is turned. Oper 
ating under the direction of a computer control module pro 
cessing input from sensors, the proportioning control valve is 
computer controlled so that the frequency of the generated 
electricity will match the grid frequency specifications thus 
making the generated power directly usable and eliminating 
the need for invertors or other electronic means to convert the 
generated power signals to the grid frequency. 
0011. In accordance with some embodiments of the 
present invention, the Volume of high pressure tank is such 
that the process described above will allow for the storage of 
energy, e.g., excess capacity energy, in the high pressure tank 
Such that operation of the hydraulic motor, and the generation 
of electricity can continue for an extended period of time after 
the wind turbine blades have stopped spinning, e.g., due to 
insufficient wind speed. The hydraulic motor continues to 
operate driving the generator and generating electricity while 
the pressure level in the high pressure tank slowly decreases. 
This feature of the present invention allows the output of 
power from the wind turbine system for some time after the 
wind sensor will have notified the grid of an impending loss of 
power do to high or low wind velocity. This extended time 
period of electrical output allows for notification to the grid of 
a power generation loss in that the wind turbine system, which 
has now become an energy storage medium which is being 
depleted. This early notification feature allows for the power 
grid management system to accommodate for an impending 
loss of wind Source power onto the grid by preparing to adjust 
other power sources, e.g. fossil fuel power source, output 
levels. The wind turbine system can, and in various embodi 
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ments does, notify the power management system in advance 
of the point in time when the wind turbine system will cut off 
the electrical output to the grid. The wind turbine system can, 
and in various embodiments does, notify the power manage 
ment system in advance of the point in time when the wind 
turbine system will reconnect to the grid to deliver energy. 
0012. In accordance with another feature of various 
embodiments of the present invention, the stored energy in 
the form of hydraulic pressure is allowed to be reduced to a 
point, but not beyond Such a point, where the sensors indicate 
that there is enough reserve capacity left in the pressurized 
hydraulic fluid such that a restart the wind turbine. Then when 
wind conditions permit restarting of the turbine is imple 
mented by using the remaining hydraulic pressure to restart 
the hydraulic pump and start the turbine blade assembly spin 
ning. This approach of the present invention of using stored 
hydraulic pressure to restart the wind turbine removes the 
load demands typically placed on the power grid to restart a 
wind turbine system. When wind conditions permit and the 
computer control system decides to initiate a restart opera 
tion, the reserve capacity then be rerouted thru the hydraulic 
system so that the hydraulic pump is temporarily turned into 
a motor to bring the turbine up to the minimum required 
speed, which will restart the energy production cycle. The 
high pressure fluid or a regulated level thereof can be rerouted 
to the low pressure feed tube via a computer controlled primer 
valve. The low pressure feed tube can include a check valve to 
prevent the high pressure hydraulic fluid from entering the 
low pressure reservoir. 
0013. In some embodiments, of the wind turbine system 
described above, the hydraulic system included as part of the 
wind turbine system does not require any minimum rotor 
speed to produce or store energy i.e., stored fluid under pres 
Sure can be used to produce electric. In some such embodi 
ments, the wind turbine system will pump hydraulic fluid into 
the reservoir until it is full at high pressure at which point the 
generator will be activated until it bleeds power/hydraulic 
fluid pressure down to the restart reserve level. In some 
embodiments, of the present invention, the computer control 
system will maintain pressure in the high pressure tank above 
the minimum restart level, and generator operation may be 
activated provided the level is above the minimum restart 
level. In some embodiments, during periods of excess energy 
generation from wind power, e.g., the power grid does not 
require the level of generator output energy at present, excess 
energy may be stored, e.g., by increasing hydraulic pressure 
in the high pressure tank and/or routing electrical energy to a 
electrical storage device or devices, e.g., capacitor and/or 
battery bank. In some embodiments, during periods where the 
energy level of generation wind power is lower than the level 
being extracted from the high pressure fluid, e.g., the power 
grid requires more output energy at present than the wind is 
producing, energy may be extracted from the pressurized 
fluid decreasing the pressure level in the high pressure tank. 
0014. In various embodiments, the wind turbine system is 
implemented using multiple hydraulic motors and/or mul 
tiple generators. In some Such system, each hydraulic motor 
can be controlled independently via its own electronically 
controlled proportioning valve and feedback circuitry. In 
Some Such multiple hydraulic motor and/or multiple genera 
tor systems, different combination can be activated at differ 
ent times to accommodate changing load requirements and/or 
changing wind conditions. 
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0.015. Another feature of some embodiments of the 
present invention is the use of adjustable sails in the blade 
assembly of the wind turbine system. In some such embodi 
ments, the turbine blades have a roller reefing sail system or 
variation thereof, whereby the area of the blade/sail combi 
nation will be variable. In various embodiments including a 
controllable sail feature, the wind turbine system includes 
masts, e.g., carbon fiber masts, on a hub with electronically or 
hydraulically reefed sails. The wind turbine system includes, 
in various embodiments, a wind speed sensor and/or a wind 
direction sensor. When the wind speed sensor indicates a 
lower wind velocity condition the sail area can be controlla 
bly increased, when possible, by unfurling the roller reefed 
sails using hydraulic and/or electric powered motors or other 
mechanical means. Some embodiments include sensors to 
determine the position of the sails. When the wind speed rises 
the sails can be controllably drawn in or reefed. The sails are 
fully withdrawn into the masts at high wind velocity, where 
the additional sail area could result instructural damage to the 
wind turbine blade assembly. 
0016. Another feature of some embodiments of the wind 
turbine system is that the masts themselves are formed to have 
a mild wing shape. Some Such masts are designed such that 
they can withstand and collect energy at projected wind 
velocities at the high end which far exceeds the wind capture 
high end velocities of typical fixed area blades conventionally 
used. For example a mast structure, in accordance with the 
present invention can have a smaller wind collection Surface 
area than typical fixed area blades deployed since it can be 
used at the high velocity end but need not be relied upon to the 
be primary wind collection source at the low wind velocity 
end, where the sail dominates. In some such embodiments 
including a mild wing shaped mast, the mast structure also 
includes a twist. The implementation of the wing shaped mast 
and the adjustable sails would allow for much more energy 
production over the course of time by allowing for energy 
production over a much larger wind speed range than current 
designs. For example at very high wind levels, the wind 
shaped masts having comparatively small cross sectional area 
could capture high Velocity wind energy, while at very low 
Velocity wind levels the comparatively large cross sectional 
area provided by the unfurled sails could capture low velocity 
wind energy. Thus the wind Velocity capture envelope, could, 
with Such design features, of the present invention, be larger 
and expanded at both the low and high ends over convention 
designs. 
0017. As another feature of some embodiments of the 
present invention, in addition to the energy storage capacity in 
the high-pressure hydraulic fluid described above, some 
hydraulic fluid could be displaced in the tower structure for a 
high-energy capacitor. For example, in Some Such embodi 
ments, a carbon nanotube capacitor with energy storage den 
sities of 30 Kilowatt-Hours per kilogram is incorporated into 
the fluid bath, collocated with the tower or located near the 
tower, which provides for a much larger onsite energy storage 
Solution. In one Such embodiment, including a ten thousand 
pound capacitor of this type material, the wind turbine system 
could store energy Such that a 4-Megawatt wind generator 
could continue to operate for 34 hours of extended output 
after the hydraulic motor drive has been shut off. This 
approach of the present invention can Smooth the energy 
curve, improve the efficiency of a wind turbine system and/or 
allow for a larger amount of energy to be sent to the grid over 
time. 
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0018. The above-described systems can include sensors, 
control systems, software and hardware, which can be modi 
fied for requirements based on the size and needs of the 
system. Some embodiments of the above wind turbine system 
include a computer control module which includes a proces 
Sor, e.g., a CPU, memory, and interfaces. The memory 
includes routines and data/information. The processor 
executes the routines and uses the data information in 
memory to control the operation of the wind turbine system 
and implements the methods of the present invention. Some 
such functions performed by the computer control module 
may include, monitoring of wind speed and/or wind direc 
tion, monitoring and control of the position, e.g., heading the 
blade assembly, monitoring of the position of the sails and 
control of the sail deployment, monitoring and control of the 
hydraulic pump, monitoring and control of the hydraulic 
motor, control of the proportioning valve, control of the 
primer valve, control of restart sequences, monitoring of the 
pressures in the high and low pressure chambers, regulation 
of pressure, monitoring of generator output, Switching of 
generator output to the grid and/or to electric storage devices, 
control of energy transfer from electric storage devices to the 
grid, communications and notifications to a management net 
work, communications protocol operations, Switching con 
trol of a plurality of hydraulic motors and/or generators, and/ 
or fault detection monitoring, reporting, and/or shutdown 
operations. 
0019. The system of the present invention can have a rela 
tively large sail (blade) surface areas even with blades having 
relatively small diameters, e.g., less than 300 feet and in some 
cases, e.g., diameters less than 50, 100, 200, or 250 feet, 
allowing the system to operate with smaller diameter blades 
compared to Some known systems and/or at lower wind 
velocities. As a result of using smaller diameter blades the 
velocity of the blade tip as it rotates can be lower than known 
systems which have larger blade diameters. Since the noise 
generated by a windmill is in part a function of the velocity of 
blade tips as they rotate, it is possible to generate less noise 
using embodiments of the invention with shorter blade diam 
eters than would be generated by existing systems with much 
larger blade diameters. Since noise is one reason people tend 
to object to windmills, the methods and apparatus of the 
present invention can prove beneficial interms of noise reduc 
tion as compared to known systems. 
0020 Numerous additional features benefits and embodi 
ments of the present invention are discussed in the detailed 
description which follows. 

BRIEF DESCRIPTION OF THE FIGURES 

0021 FIG. 1 is a drawing of an exemplary wind turbine 
system implemented inaccordance with the present invention 
and using methods of the present invention. 
0022 FIG. 2 is a functional drawing used to describe 
operations and flow in an exemplary wind turbine system 
during conditions where the blade assembly, which is captur 
ing wind energy, is driving the hydraulic pump, and there is 
Sufficient stored energy in the high pressure tank to drive the 
hydraulic motor in accordance with the present invention. 
0023 FIG. 3 is a functional drawing used to describe 
operations and flow in an exemplary wind turbine system 
during conditions where the blade assembly has stopped 
rotating and is no longer capturing wind energy; however, the 
high pressure tank has sufficient energy stored above the 
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minimum level needed for a restart such that hydraulic motor 
operation and generator operation can continue in accordance 
with the present invention. 
0024 FIG. 4 is a functional drawing used to describe 
operations and flow in an exemplary wind turbine system 
during a restart operation of the blade assembly in accordance 
with the present invention. 
0025 FIG. 5 is a drawing illustrating components in an 
exemplary blade assembly in accordance with the present 
invention. 
0026 FIG. 6 is a drawing illustrating the exemplary blade 
assembly of FIG. 5 except showing the sails in a partially 
reefed in position. 
0027 FIG. 7 is a drawing illustrating an exemplary mastor 
boom/inner shaft/sail structure in accordance with some 
embodiments of the present invention. 
0028 FIG. 8 is a drawing of a head on view of an exem 
plary hub assembly in accordance with the present invention. 
0029 FIG. 9 is a drawing illustrating an energy storage 
feature in accordance with some embodiments of the present 
invention. 
0030 FIG. 10 is a drawing illustrating an exemplary mast 
or boom/inner shaft/sail structure in accordance with various 
embodiments of the present invention. 
0031 FIG. 11 is a drawing showing some components 
included in the exemplary structure of FIG. 10 from a differ 
ent perspective. 

DETAILED DESCRIPTION 

0032 FIG. 1 is a drawing of an exemplary wind turbine 
system 100 implemented in accordance with the present 
invention and using methods of the present invention. Exem 
plary wind turbine system 100 includes a blade assembly 102. 
a main drive housing 104, a support tower 106, a hydraulic 
motor and generator housing 108, a low pressure tank 110. 
and a computer control module 112. 
0033. The blade assembly 102 includes a hub 114, a sail 
deployment gear set 116, a plurality of sail shafts/blades 118, 
and a plurality of retractable sails 120. The blade assembly 
102 is used to capture wind energy. The blade assembly 102. 
in some embodiments includes a rolling reefing sail system, 
whereby the area of the sails is variably adjustable. The sail 
shaft/blades 118, e.g., carbon fiber masts, coupled to hub 114 
are attached to the sail deployment gear set 116, and can be 
rotated to let out or retract the sails 120 which are attached to 
the sail shaft/blades 118. In some embodiments, sensors are 
employed in the blade assembly 102 to detect sail position. 
By adjusting the amount of exposed sail 120, the wind veloc 
ity band usable for energy production can be expanded over 
existing systems. At very low wind speed Velocities, the sails 
120 can be fully unfurled allowing the wind turbine 100 to 
capture energy at wind Velocities below 9 mph, e.g., 4, 5 or 6 
miles per hour. At very high wind velocities, the sails 120 can 
be fully reefed reducing stresses on the blade assembly 102. 
Sail shaft/blades 118 are constructed such that when the sails 
120 are fully retracted the sail shaft/blades 118 have a mild 
wing shape capable of capturing high Velocity wind energy 
and capable of withstanding the high velocity winds without 
structural damage. By incorporating Such design features, in 
accordance with the present invention, the wind turbine 100 is 
able of capturing wind energy at wind velocities above 25 
mph, 30, 35 or even 40 miles per hour. This variable sail area 
feature in combination with a wing shaped sail shaft/blades 
118 allows for a larger wind speed range over existing 
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designs, thus allowing for more energy production over the 
course of time by allowing for energy production over a larger 
wind speed range than current designs. 
0034. The main drive housing 104 includes a main drive 
tube 122, a pump drive gear set 124, a hydraulic pump drive 
shaft 126, a hydraulic pump 128, a main drive housing posi 
tion motor 130, a sail deployment motor 132, and a sail 
deployment driveshaft 134. One end of the main drive tube 
122 is coupled to the hub 114 of blade assembly 102 while at 
the other end of the main drive tube 122, a gear 124a attached 
to the main drive tube 122 meshes with a gear 124b attached 
to the hydraulic pump driveshaft 126. Main drive gear set 124 
includes gears 124a and 124b. The main drive tube 122 is 
Supported in the main drive housing 104 by Support bearing 
assemblies. The hydraulic pump driveshaft 126 is coupled to 
the hydraulic pump 128. As wind energy is captured by the 
blade assembly 102, the sail shaft/blades 118 rotate about the 
center axis of the hub 114. As the hub 114 rotates, the main 
drive tube 122 rotates resulting in rotation of pump drive gear 
set 124 and rotation of hydraulic pump driveshaft 126. As the 
hydraulic pump driveshaft 126 rotates, the hydraulic pump 
128 rotates generating hydraulic pressure. 
0035. The main drive tube 122 includes a hollow center 
core through which sail deployment driveshaft 134 is located. 
The sail deployment motor 132 is coupled to one end of the 
sail deployment driveshaft 134, while the other end of the sail 
deployment driveshaft is coupled to the sail deployment gear 
set 116. In some embodiments, the sail deployment motor 132 
is an electric motor, while in other embodiments, the sail 
deployment motor is a hydraulic motor. The sail deployment 
motor 132 when controlled to engage and rotate causes the 
sail deployment driveshaft 134 to rotate, the controlled rota 
tion being transferred via sail deployment gear set 116 Such 
that the sail shaft/blades 118 are rotated and sail 120 is 
unfurled or retracted as commanded. In other embodiments, 
sail deployment motor or motors are mounted in the hub 114, 
in the sail/shaft blades 118, and/or attached to the sail/shaft 
blades 118. 

0036 Attached to the main drive housing 104 is a wind 
sensor 136. The wind sensor 136 detects and measures wind 
Velocity and, in some embodiments, wind direction. In some 
embodiments, separate sensors are used to detect wind Veloc 
ity and wind direction. When, the wind speed sensor 136 
detects and indicates a lower wind Velocity condition, the sail 
area can be controlled to be increased, when not fully 
unfurled, by controlling the sail deployment control motor 
132 to increase the sail area by controllable unfurling the 
roller reefed sails. When, the wind speed sensor 136 detects 
and indicates a higher wind Velocity condition, the sail area 
can be controlled to be decreased, when not fully retracted, by 
controlling the sail deployment control motor 132 to decrease 
the sail area by controllable drawing in or reefing the roller 
reefed sails. 

0037. The main drive housing 104 is mechanically 
coupled to support tower 106 via a main drive housing/tower 
interface base 138. The main drive housing/tower interface 
base 138 allow the main drive tower 104 to be controllably 
oriented to different headings so as to capture the prevailing 
winds and/or to place the blade assembly 102 in a shutdown 
mode with minimal stress on the blade assembly 102. The 
main drive housing positioning motor 130, e.g., an electric or 
hydraulic motor, is used to orient the main drive housing 104 
heading. 
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0038 Support tower 106 includes a high pressure tank 
140, a high pressure tank sensor 142, and a primer valve 144. 
The high pressure tank 140 stores high pressure fluid 146. In 
Some embodiments, the high pressure tank may also include 
a bellows assembly. A low pressure feed tube 148 is routed 
through or adjacent to the high pressure tank 140. At the 
bottom of the low pressure feed tube 148 is a low pressure 
inlet 152 which is situated in the low pressure tank 110 such 
that low pressure fluid 154 can be drawn into the low pressure 
feed tube. In some embodiments, an inert gas 155, e.g., nitro 
gen, under pressure is included in the low pressure tank 110. 
and the pressure of the inert gas aids in forcing the low 
pressure fluid 154 up the feed tube 148. At the top of the 
support tower 106 a hydraulic swivel 150 couples the high 
pressure low pressure feed tube 148 to the hydraulic pump 
128 low pressure inlet port and couples the high pressure 
output of the hydraulic pump 128 to the high pressure tank 
140. A high pressure outlet 153 discharges high pressure fluid 
from the hydraulic pump 128 into the high pressure tank 140. 
0039. The low pressure feed tube 148 includes a check 
valve 156. When restarting the hydraulic pump 128 of the 
wind turbine 100, with a sufficient restart level of residual 
pressure having been intentionally maintained in the high 
pressure tank 140, the primer valve 144 is controlled to direct 
regulated high pressure fluid into the low pressure feed tube 
148. Check valve 156 prevents the pressurized fluid from 
entering the low pressure tank 110. The pressurized fluid 
enters the inlet of the hydraulic pump, which now functions as 
a hydraulic motor to start the blade assembly 102 spinning. 
Then, the primer valve 144 is switched to seal off the high 
pressure chamber 140 form the low pressure feed tube 148, 
and the wind energy continues to spin the blade assembly 102 
and the hydraulic pump 128 ceases to operate as a hydraulic 
motor and operates in an energy storage mode of operation 
increasing the pressure in the high pressure tank 140. 
0040. The hydraulic motor and generator housing 108 
includes a proportioning valve 158, a regulated output line 
160, a hydraulic motor 162, a coupling shaft 164, a generator 
166, and an output switch 168. The proportioning valve 158 is 
coupled via a high pressure inlet 170 open to the high pressure 
tank 140. The proportioning valve 158 regulates the pressure 
level to maintain a consistent regulated pressure level, when 
possible, to drive the hydraulic motor 162 at a consistent 
speed. The output of the proportioning valve 158 is directed 
via regulated output line 160 which couples the proportioning 
valve 158 to an inlet of the hydraulic motor 162. The hydrau 
lic motor 162 includes a discharge outlet 172 through which 
lower pressure fluid is discharged into the low pressure tank 
110, stored energy having been extracted from the pressur 
ized fluid when the hydraulic motor 162 was driven. The 
hydraulic motor 162 is coupled to generator 166 via coupling 
shaft 164, which in turn spins the generator 166 to produce 
electrical power. By spinning the hydraulic motor 162 at a 
constant controlled speed, the generator 166 is in turn spun at 
a constant controlled speed thus controlling and maintaining 
the frequency of the generated electric signal to be compatible 
with the power grid. The output of the generator 166, e.g., 3 
phase output lines, is coupled to the input of output Switch 
168. The output of output switch 168 is coupled to the power 
grid and/or storage devices. The output switch 168 can be 
controlled to disconnect the generator from the power grid 
Such that start-up and shut-down of the hydraulic motor and/ 
or generator, during which the generator is being spun at a 
frequency outside the acceptable tolerances, does not intro 
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duce problematic signals into the power grid. In addition, the 
output switch 168 can be used to cut out the generator output, 
before the hydraulic motor 162 is turned off due to insufficient 
high pressure in the high pressure tank 140, and to reconnect 
the generator output to the power grid after start up has 
stabilized. 
0041 Low pressure tank 110 stores the low pressure fluid 
154. The low pressure tank 110 also includes a low pressure 
tank sensor 155 which measures the pressure and/or fluid 
level in the low pressure tank 110. In some embodiments, the 
low pressure tank 110 also includes a bellows or float assem 
bly. 
0042 Computer control module 112 includes interfaces to 
other networks, interfaces to sensors, and interfaces to control 
devices. Computer control module 112 includes a processor 
and memory. The memory includes routines and data/infor 
mation. The processor, e.g., a CPU, executes the routines and 
uses the data/information in memory to control the operation 
of the wind turbine system 100 and implement the methods of 
the present invention. Various functions controlled by the 
computer control module 112 include wind measurements, 
blade assembly start-up operations, sail deployment control, 
main drive housing positioning control, pressure regulation 
control, primer valve operation, proportioning Valve control, 
generator output monitoring, generator output Switching, and 
signaling a management network of changing conditions. 
Various signals received by the computer control module 112 
include wind sensor output signal 174, low pressure tank 
sensor output signal 176, high pressure tank sensor output 
signal 178 and generator output monitor signal 180. Other 
signals received by the computer control module 112 may 
include position indicator signals indicative of the sail 
deployment level and position indicator signals indicative of 
the direction of the main drive housing 104. Fault indication 
signals may also be received and processed by the computer 
control module 112. Various output signals generated by the 
computer control module 112 used to control operation of the 
wind turbine system 100 include said deployment control 
signal 182, housing direction positioning control signal 184, 
proportioning valve control signal 186, primer valve control 
signal 188, and output switch module control signal 190. The 
computer control module 112 also interfaces with a manage 
ment network via signals over the control line to management 
network 192, both receiving commands, e.g., take wind tur 
bine off-line, and sending notifications, e.g., wind-turbine to 
be taken off-line at a specified time. 
0043 Slip ring are provides at the main drive housing 
104/main drive housing/tower interface base 138. 
0044 Wind measurements from sensor 136 can be per 
formed, processed, and used by the computer control module 
112 to predict how long operations can continue before insuf 
ficient wind energy input to keep up with output demand will 
force an energy output shutdown, and a cutoff of the generator 
output. Based on pressure measurements of high pressure 
sensor output signal 120, the computer control module can 
predict the remaining energy capacity. The computer control 
module 112 can notify the management network via control 
line 192 of conditions and give advance notice before stop 
ping energy output to the grid. 
0045 FIG. 2 is a functional drawing 200 used to describe 
operations and flow in the wind turbine system 100. Func 
tional drawing 200 includes low pressure tank 110, high 
pressure tank 140, low pressure feed tube 148, hydraulic 
pump 128, primer valve 144, check valve 156, electronic 
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proportioning valve 158, hydraulic motor 162, regulated 
pressure line 160, return line 172, drive coupling 164, gen 
erator 166 and storage device 202. Storage device 202 may 
include, e.g., invertors, filters and a bank of storage batteries. 
FIG. 2 illustrates operation of exemplary wind turbine system 
100 during conditions where the blade assembly 102, which 
is capturing wind energy, is driving the pump 128, and there 
is sufficient stored energy in the high pressure tank 140 to 
drive the hydraulic motor 162 in accordance with the present 
invention. 
0046. The pump 128, driven by wind power captured by 
blade assembly 102, turns siphoning low pressure fluid 154 
from low pressure tank 110 and generating hydraulic pres 
sure. Low pressure fluid 154 is drawn up through the low 
pressure feed tube 148 through the check valve 156, which is 
open, and into the low pressure side of pump 128. Under these 
described operating conditions, primer valve 144 is con 
trolled to be closed under the direction of the computer con 
trol module 112 via control signal 188. The pump 128 pres 
surizes the fluid with the high pressure side of the pump 
coupled to the high pressure tank 140. 
0047. The electronic proportioning valve 158 is controlled 
under the direction of the computer control module 112 via 
control signal 186 to regulate the pressure to the hydraulic 
motor 162 such that the hydraulic motor 162 will continue to 
spin at a controlled determined rotational rate. In some 
embodiments, a sensor may also be included to monitor the 
rate of rotation of the drive coupling 164 and to forward such 
information to the computer control module 112 to be used in 
closed loop control operations. High pressure fluid 146 enters 
the electronic proportioning valve 158, is regulated to become 
a regulated pressure fluid in line 160, the fluid then passes 
through hydraulic motor 162 spinning drive coupling 164 to 
drive the generator at a controlled rotational rate. This results 
in generator 166 producing electric energy at a constant fre 
quency, e.g., 60Hz or 50 Hz, which is output to the power grid 
and/or storage device 202. Discharge fluid from hydraulic 
motor 162 is returned to the low pressure tank 110 via return 
line 172. 
0048 If the pump 128 is producing more energy than 
consumed by hydraulic motor 162, e.g., due to favorable wind 
conditions, the pressure in high pressure tank can be allowed 
to increase within the safety margins of the high pressure tank 
140, thus storing the excess energy for use later. If the pump 
128 is producing less energy than currently consumed by 
hydraulic motor 162, then the pressure in high pressure tank 
140 will decrease. 

0049. In accordance with one feature of various embodi 
ments of the present invention, the pressure in the high pres 
Sure tank 140 is maintained to at least a minimal value needed 
to restart the hydraulic pump 128 after the blade assembly 102 
has stopped. The electronic proportioning valve 158 under the 
direction of the control module 112 via control signal 186 
shuts off flow to the hydraulic motor 162 before this minimal 
restart pressure level threshold is crossed. 
0050 FIG. 3 is a functional drawing 300 used to describe 
operations and flow in the wind turbine system 100. Func 
tional drawing 300 includes low pressure tank 110, high 
pressure tank 140, low pressure feed tube 148, hydraulic 
pump 128, primer valve 144, check valve 156, electronic 
proportioning valve 158, hydraulic motor 162, regulated 
pressure line 160, return line 172, drive coupling 164, gen 
erator 166, storage device 202 and check valve 302. FIG. 3 
illustrates operation of exemplary wind turbine system 100 
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during conditions where the blade assembly 102 has stopped 
rotating and is no longer capturing wind energy; however, the 
high pressure tank has sufficient energy stored above the 
minimum level needed for a restart such that hydraulic motor 
162 operation and generator 166 operation can continue. 
Hydraulic pump 128 is not rotating. Check valves 156 and 
302 are closed, and primer valve 144 is also closed. The 
electronic proportioning valve 158 under the control of the 
computer control module 112 via control signal 186 contin 
ues to allow flow. 

0051 High pressure fluid 146 enters the electronic propor 
tioning valve 158, is regulated to become a regulated pressure 
fluidinline 160, the fluid then passes through hydraulic motor 
162 spinning drive coupling 164 to drive the generator at a 
controlled rotational rate. This results in generator 166 pro 
ducing electric energy at a constant frequency, e.g., 60 Hz or 
50 Hz, which is output to the power grid and/or storage device 
202. Discharge fluid from hydraulic motor 162 is returned to 
the low pressure tank 110 via return line 172. During this 
mode of operation, the pressure level of the high pressure 
fluid gradually decreases. At a certain level, above the mini 
mum pressure needed for a restart, the electronic proportion 
ing valve is controlled via control signal 186 to stop flow 
through the hydraulic motor 162 and thus retain the pressure 
level in the high pressure tank. 
0.052 FIG. 4 is a functional drawing 400 used to describe 
operations and flow in the wind turbine system 100. Func 
tional drawing 400 includes low pressure tank 110, high 
pressure tank 140, low pressure feed tube 148, hydraulic 
pump 128, primer valve 144, check valve 156, electronic 
proportioning valve 158, hydraulic motor 162, regulated 
pressure line 160, return line 172, drive coupling 164, gen 
erator 166, storage device 202 and check valve 302. FIG. 4 
illustrates operation of exemplary wind turbine system 100 
during a restart operation of the blade assembly 102. Initially 
hydraulic pump 128 is not rotating. Primer valve 144 is con 
trolled by the computer control module 112 via control signal 
188 to open allowing high pressure fluid or some regulated 
level thereof to enter the low pressure feed tube 148. Check 
valve 156 is closed preventing the high pressure fluid from 
entering the low pressure tank 110. The high pressure fluid 
which passed through the primer valve 144 enters the inlet 
side of the pump 128, which at this time is functioning as a 
hydraulic motor. The pressure on the inlet side of the pump 
128, causes the pump 128 to start to rotate, which in turn 
rotates the blade assembly 102, to which the pump 128 is 
mechanically connected. Having started the blade assembly 
102 rotating, wind energy continues to keep the blade assem 
bly 102 rotating. The primer valve 144 is controlled via con 
trol signal 188 to shut, and the hydraulic pump continues to 
rotate under wind energy with the pump 128 drawing low 
pressure fluid 154 through check valve 156, which now 
opens, pressurizing the fluid, and the high pressure fluid exits 
into the high pressure tank 140 through check valve 302, 
which now opens. The hydraulic pump 128, operating now 
under wind energy, continues to pump, increasing the pres 
Sure in high pressure tank 140. At some detected high pres 
sure level, the computer control module 112 determines that 
pressure is sufficiently high for the hydraulic motor 162 to 
resume operations. The electronic proportioning valve 158 is 
controlled via signal 186 to open and send regulated pressure 
to the hydraulic motor 162. Once stabilized rotational opera 
tion has been achieved, the generator's output can be switched 
on to reconnect with the power grid/storage device 202. 
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0053 FIG. 5 is a drawing illustrating components in an 
exemplary blade assembly 500 in accordance with the present 
invention. Exemplary blade assembly 500 may be blade 
assembly 102 of the exemplary wind turbine 100 of FIG. 1. 
Center hub 502 may be hub 114 including sail deployment 
gear set 116, while mast 504 and boom 506 may be sail/shaft 
blade 118, and sail 508 may be sail 120 of FIG. 1. Blade 
assembly 500 includes a plurality, e.g., four, sets of a mast 
504, a boom 506, and a sail 508. Mast504 includes an internal 
mast shaft 510, and boom 506 includes internal boom shaft 
512. For a given set of mast 504, boom 506, and sail 508, the 
construction is such that the sail 508 can be rolled around one 
of the internal mast shaft 510 and the internal boom shaft 512, 
with the sail 508 being slid along the other shaft when the sail 
is being unfurled or reefed in. Sails 508 are constructed of 
flexible sail material that can be rolled up on a shaft, e.g., a 
boom internal shaft 512 or a mast internal shaft 510. Some 
masts 504 and/or booms 506 include slots into which the sail 
508 can be retracted when being rolled up. Some masts 504 
and/or booms 506 include slots along which the sail 508 or 
sail anchor slides when being unfurled or reefed in. In some 
embodiments, each sail 508 is rolled up/out along one of the 
shafts, e.g., a boom shaft 512, and pulled down/up the other 
shaft, e.g., a mast shaft 510. In some embodiments. Some of 
the sails 508 are rolled up/out along internal mast shafts 510 
and some of the sails 508 are rolled up/out along internal 
boom shafts 512. 

0054 FIG. 5 illustrates the condition where the sails 508 
have been fully unfurled. 
0055 FIG. 6 is a drawing 600 illustrating the exemplary 
blade assembly of FIG. 5 except showing the sails in a par 
tially reefed in position. 
0056 FIG. 7 is a drawing 700 illustrating an exemplary 
mast or boom/inner shaft/sail structure in accordance with 
some embodiments of the present invention. Mast or boom 
704 includes an inner shaft 706 upon which sail 702 may be 
rolled in or let out. In some embodiments, the mast and/or 
boom 704 has a wing shape allowing the wind turbine to 
capture wind energy even when the sail is completely reefed 
in. The mast or boom 704 may be mast 504 or boom 506 of 
FIG. 5; inner shaft 706 may be internal mast shaft 510 or 
internal boom shaft 512 of FIG.5: sail 702 may be sail 508 of 
FIG.S. 

0057 FIG. 10 is a drawing illustrating an exemplary mast 
or boom/inner shaft/sail structure 1000 in accordance with 
various embodiments of the present invention. Exemplary 
structure 1000 includes a mast or boom 1002, inner shaft 
1004, slotted guide/bearing 1006, collar assembly 1008, sail 
securing ring 1016, and sail 1018. Inner shaft 1004 includes a 
threaded outer portion 1010. Collar assembly 1008 includes a 
threaded inner portion 1012, and a sail attachment portion 
1014. The threaded outer portion of the inner shaft 1010 
meshes with the threaded inner portion of the collar assembly 
1012. The collar assembly is restricted to the slotted guide/ 
bearing 1006 of the mast or boom 1002. As the inner shaft 
1004 rotates as part of the sail deployment operations, the 
collar assembly moves along the shaft 1004. The sail 1018 is 
attached to the sail securing ring 1016; the sail securing ring 
is attached to the sail attachment portion of the collar assem 
bly 1014. As the collar assembly 1014 moves along the inner 
shaft 1004, the end of the sail is dragged along. 
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0.058 FIG. 11 is a drawing 1100 showing some compo 
nents included in the exemplary structure 1000 of FIG. 10 
from a different perspective. Sail 1018 is shown in a partially 
reefed in state. 

0059 FIG. 8 is a drawing of a head on view of an exem 
plary hub assembly 800 in accordance with the present inven 
tion. Hub assembly 800 may be used in the wind turbine 
system 100 of FIG.1. Hub assembly 800 includes hub 802, a 
sail deployment driveshaft/mast shaft gear 812, four mast 
shaft drive gears 814, four mast shaft/boom shaft gears 816 
and four boom shaft drive gears 818. Masts 804 and booms 
806 are attached to the hub 802 via supports 820, 822, respec 
tively. The sail deployment driveshaft 824 is attached to the 
sail deployment/mast shaft gear 812. As gear 812 rotates, the 
four mast shaft drive gears 814 are rotated turning the mast 
shafts 808 to unfurl or reef in the sail. In addition, as the mast 
shafts rotate, the mast shaft/boom shaft gears 816 are rotated. 
Gears 816 mesh with boom shaft gears 818; therefore the 
boom shaft 810 is also rotated in coordination with the rota 
tions of the mast shaft to perform a controlled sail unfurling or 
sail reefing in operation. 
0060 FIG. 9 is a drawing 900 illustrating an energy stor 
age feature in accordance with some embodiments of the 
present invention. Wind turbine tower structure 902 includes 
a high energy capacitor or bank of capacitors 904. The capaci 
tor(s) 904 are electrically coupled to interface circuit 906. 
Interface circuit 906 may include switching, filtering, and/or 
conversion circuitry and may be operated under the direction 
of a computer control module in the wind turbine system, e.g., 
module 112 of the exemplary system of FIG.1. The interface 
circuit 906 is also coupled to the wind turbine generator 
output 908 and the power grid and/or loads 910. Under con 
ditions where the wind turbine generator output energy gen 
eration exceeds electrical energy load requirements, the addi 
tional energy may be stored in the high energy capacitor(s) 
904. Under conditions where the wind turbine generator 
energy output is below electrical load requirements or the 
generator output is Zero, then stored energy can be extracted 
from the capacitors 904 and supplied to the loads. 
0061. In some embodiments, hydraulic fluid is displaced 
in the tower structure for the high energy capacitor or capaci 
tors 904. The high energy capacitor 904, is, e.g., a carbon 
nanotube capacitor with energy storage densities of 30 kilo 
watts per kilogram. The high energy capacitor 904 is, in some 
embodiments, incorporated into the fluid bath or collocated 
with the tower. This additional energy storage capacity pro 
vided by the high energy capacitor 904, in addition to the 
energy stored in the high pressure fluid in the high pressure 
tank, can significantly enhances on-site energy storage capa 
bilities for a wind turbine system in accordance with some 
embodiments of the present invention. For example, a 30 
kilo-watt hour per kilogram carbon nanotube capacitor 
weighing ten thousand pounds could be charged up during 
high energy output periods to give a 4 Mega-Watt wind gen 
erator system 34 hours of extended output when the generator 
is unable to produce energy. This energy storage enhance 
ment capability would smooth the energy curve and improve 
the efficiency of a wind turbine system thus allowing for a 
larger amount of energy to be sent over the grid to users over 
time. 

0062. While control of sail deployment has been described 
using a mechanical drive mechanism, an electrical motor 
driven approach could be used to control sail material deploy 
ment and retraction. In one such embodiment, an electrical 
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motor, controlled by electrical signals generated under con 
trol of the computer control system as a function of wind 
velocity, is used to drive the sail deployment in each blade. In 
one such system, one electrical motor is mounted near the 
center of the rotor assembly for each blade and used control 
the deployment of the sail for that blade. Normally, two 
motors corresponding to blades mounted opposite each other 
are controlled to cause uniform deployment of sail material 
and to maintain blade balance. 

0063. In various embodiments elements described herein 
are implemented using one or more modules to perform the 
steps corresponding to one or more methods of the present 
invention. Thus, in Some embodiments various features of the 
present invention are implemented using modules. Such 
modules may be implemented using software, hardware or a 
combination of software and hardware. Many of the above 
described methods or method steps can be implemented using 
machine executable instructions, such as Software, included 
in a machine readable medium Such as a memory device, e.g., 
RAM, floppy disk, etc. to control a machine, e.g., general 
purpose computer with or without additional hardware, to 
implement all or portions of the above described methods, 
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e.g., in one or more nodes. Accordingly, among other things, 
the present invention is directed to a machine-readable 
medium including machine executable instructions for caus 
ing a machine, e.g., processor and associated hardware which 
may be part of a test device, to perform one or more of the 
steps of the above-described method(s). 
0064. Numerous additional variations on the methods and 
apparatus of the present invention described above will be 
apparent to those skilled in the art in view of the above 
description of the invention. Such variations are to be consid 
ered within the scope of the invention. 
What is claimed is: 
1. A windmill assembly comprising: 
a blade assembly: 
a hydraulic pump coupled to said blade assembly: 
a high pressure storage tank coupled to said hydraulic 
pump for storing hydraulic fluid output by said pump 
under pressure; 

a hydraulic motor having a fluid inlet coupled to said high 
pressure storage tank; and 

a generator coupled to said hydraulic motor. 
c c c c c 


