wo 20107135604 A2 [ T A0F0 O 0O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

.. TN
(19) World Intellectual Property Organization /g3 [} 1M1 AN 0000 1.0 00 00 0 O O
nternational Bureau S,/ 0
(43) International Publication Date \;/ (10) International Publication Number
25 November 2010 (25.11.2010) WO 2010/135604 A2
(51) International Patent Classification: (72) Inventor; and
F03D 9/00 (2006.01) B64C 39/08 (2006.01) (75) Inventor/Applicant (for US ornly): BEVIRT, Joeben

H02J 1/12 (2006.01)

(21) International Application Number:
PCT/US2010/035685 (74)
(22) International Filing Date:
20 May 2010 (20.05.2010) (81)
(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
61/179,840 20 May 2009 (20.05.2009) Us
61/236,521 24 August 2009 (24.08.2009) Us
61/258,177 9 November 2009 (09.11.2009) Us
61/267,430 1 December 2009 (01.12.2009) Us
12/784,394 20 February 2010 (20.02.2010) US
12/784,294 20 May 2010 (20.05.2010) US
12/784,328 20 May 2010 (20.05.2010) Us 84
12/784,306 20 May 2010 (20.05.2010) US
(71) Applicant (for all designated States except US): JOBY

ENERGY, INC. [US/US]; 340 Woodpecker Ridge, San-
ta Cruz, CA 95060 (US).

[US/US]; 865 Brisa Del Mar, Santa Cruz, CA 95060
(US).

Agent: GUTH, Michael, A.; 2-2905 East CLff Drive,
Santa Cruz, CA 95062 (US).

Designated States (unless otherwise indicated, for every
kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BR, BW, BY, BZ,
CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM, DO,
DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KM, KN, KP,
KR, KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD,
ME, MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI,
NO, NZ, OM, PE, PG, PH, PL, PT, RO, RS, RU, SC, SD,
SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN, TR,
TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG,
ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU,
LV, MC, MK, MT, NL, NO, PL, PT, RO, SE, SI, SK,
SM, TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ,
GW, ML, MR, NE, SN, TD, TG).

[Continued on next page]

(54) Title: SYSTEM AND METHOD FOR GENERATING ELECTRICAL POWER USING A TETHERED AIRBORNE POW -

ER GENERATION SYSTEM

FIGURE 5

(57) Abstract: A tethered airborne electrical power
generation system which may utilize a strutted frame
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to generate rotational velocity. Electrical power generat-
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system is adapted to be able to use electrical energy to
provide power to the primary turbines which are used as
motors to raise the system from the ground, or mount-
ing support, into the air. The system may then be raised
into a prevailing wind and use airfoils in the system to
provide lift while the system is tethered to the ground.
The motors may then resume operation as turbines for
electrical power generation. The system may be some-
what planar in that many turbines may have their rotors
substantially in one or more planes or planar regions.
The system may also be adapted to be assembled of
modular components such that a variety of different
numbers of turbines may be flown, yet the system may
be substantially constructed from multiple similar mem-
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SYSTEM AND METHOD FOR GENERATING ELECTRICAL POWER USING A
TETHERED AIRBORNE POWER GENERATION SYSTEM

JoeBen Bevirt

[0001] CROSS REFERENCE TO RELATED APPLICATIONS

[0002] This application claims priority to U.S. Provisional Patent Application No.
61/179,840 to Bevirt, filed May 20, 2009, which is hereby incorporated by
reference in its entirety. This application claims priority to U.S. Provisional
Patent Application No. 61/236,521 to Bevirt, filed August 24, 2009, which is
hereby incorporated by reference in its entirety. This application claims priority
to U.S. Provisional Patent Application No. 61/258,177 to Bevirt, filed November
4, 2009, which is hereby incorporated by reference in its entirety. This
application claims priority to U.S. Provisional Patent Application No. 61/267,430
to Bevirt, filed December 7, 2009, which is hereby incorporated by reference in
its entirety.

[0003] BACKGROUND

[0004] Field of the Invention

[0005] This invention relates to power generation, and more specifically to
airborne wind-based power generation.

[00006] Description of Related Art
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[0007] Wind turbines for producing power are typically tower mounted and
utilize two or three blades cantilevered out from a central shaft which drives a
generator, usually requiring step up gearing due to the low rotational speed of the
blades.

[0008] Some airborne windmills are known in the art. An example of a balloon
supported device is seen in U.S. Patent No. 4,073,516, to Kling, which discloses a
tethered wind driven floating power plant.

[0009] The generation of electricity from conventional ground based devices has
been under study for some time. However, such ground based electrical
generation devices are somewhat hampered by the low power density and extreme
variability of natural wind currents (in time and space) at low altitudes. For
example, typical average power density at the ground is less than about 0.5
kilowatts per square meter (kW/m?*). Higher altitudes offer more promising
energy densities.

[0010] A few hundred meters above the ground, increased wind currents are
commonly found. Moreover, in the upper sections of the Earth’s boundary layer
(at an altitude of about 1 kilometer), relatively stronger winds can be obtained on
a fairly consistent basis. Moreover, when very high altitudes are reached, the jet
stream is encountered. This is advantageous because jet stream power densities
can average about 10 kW/m®. Thus, at higher altitudes wind generated power
becomes an economically feasible alternative using existing technologies to

generate power on an economically sustainable scale. The apparatuses and
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methods disclosed here present embodiments that can access high altitude wind
currents and use the higher energy densities to produce power.

[0011] SUMMARY

[0012] A tethered airborne electrical power generation system which may utilize
a strutted frame structure with airfoils built into the frame to keep wind turbine
driven electrical generators which are within the structure airborne. The primary
rotors utilize the prevailing wind to generate rotational velocity. In some aspects,
electrical power generated is returned to ground using a tether that is also adapted
to fasten the flying system to the ground.

[0013] In some aspects, the flying system is adapted to be able to use electrical
energy to provide power to the generators which are used as motors to raise the
system from the ground, or mounting support, into the air. The system may then
be raised into a prevailing wind and use airfoils in the system to provide lift while
the system is tethered to the ground. The motors may then resume operation as
generators for electrical power generation.

[0014] The system may be somewhat planar in that many turbines may have their
rotors substantially in one or more planes or planar regions. The system may also
be adapted to be assembled of modular components such that a variety of
different numbers of turbines may be flown, yet the system may be substantially
constructed from multiple similar members.

[0015] BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Figure 1 is a sketch of a strutted frame structure with a single plane of

airfoils according to some embodiments of the present invention.
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[0017] Figure 2 is a sketch of a strutted frame structure with two planes of
airfoils according to some embodiments of the present invention.

[0018] Figure 2A is a sketch of a side view of a strutted frame structure with two
planes of airfoils according to some embodiments of the present invention.

[0019] Figure 3 is a perspective view of a flying strutted frame structure with
wind turbine driven generators according to some embodiments of the present
invention.

[0020] Figure 4 is a side view of a flying strutted frame structure with wind
turbine driven generators according to some embodiments of the present
invention.

[0021] Figure 5 is a close up partial view of a flying strutted frame structure with
wind turbine driven generators according to some embodiments of the present
invention.

[0022] Figure 6 is a sketch of a strutted frame structure on the ground according
to some embodiments of the present invention.

[0023] Figure 7 is a sketch of a flying structure according to some embodiments
of the present invention.

[0024] Figure 8 is a cross-sectional view of a tether according to some
embodiments of the present invention.

[0025] Figure 9 is a cross-sectional view of a tether according to some
embodiments of the present invention.

[0026] Figure 10 is a sketch of a tether with a aerodynamic tether sheath

according to some embodiments of the present invention.
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[0027] Figure 11 is a perspective view of an airborne power generation system
according to some embodiments of the present invention.

[0028] Figures 12A-B are a front and side view, respectively, of a stationary
flight profile according to some embodiments of the present invention.

[0029] Figures 13A-B are a front and side view, respectively, of a cross-wind
flying profile according to some embodiments of the present invention.

[0030] Figure 14 is a perspective view of an airborne power generation system
with a front canard according to some embodiments of the present invention.

[0031] Figure 15 is a side view of a power generation system on the ground
according to some embodiments of the present invention.

[0032] Figure 16 is a front view of a power generation system with a single
airfoil according to some embodiments of the present invention.

[0033] DETAILED DESCRIPTION

[0034] In some embodiments of the present invention, an airborne power
generation system is adapted to be built in varying sizes, and to provide differing
levels of power, through the use of a modular design. A strutted frame structure
design with airfoil sections as part of the frame structure and with wind driven
power generation turbines is adapted to be flown while tethered to a ground
station. The tether may be adapted to be the structural attachment to the ground
and also the electrical power conduit between the frame structure and the ground.
The power generation system may be sized using modular aspects of both the
structural and electrical design. In some aspects, the strutted frame structure is

planar, and in other aspects the strutted frame structure may have multiple planes
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of struts and airfoil sections. The power generation system may be launched from
the ground using vertical take-off with the assistance of ground power.

[0035] In some embodiments of the present invention, as seen in Figure 1, an
airborne power generation system 10 utilizes a strutted frame structure 11 with
wind turbine driven generators 14 arranged in planar frame. The strutted frame
structure 11 is attached to a ground station 13 using a tether 12 which may be
attached to one or more central pylons 19 or other structural members. The frame
structure 11 has rows of airfoil sections 15 which are used in the horizontal
positions within the frame. The airfoils sections may all be of the same size and
construction. Wind turbine driven generators 14 may be placed at most of the
junctions of the airfoil sections 15. Support pylons 17 may also be placed at some
junctions of the airfoil sections, and at the ends of the airfoil sections. The
support pylons are adapted to support guy wires 18 which may run from one or
more inner pylons to the outer pylons, and which are adapted to add structural
strength and stiffness to the frame structure under load. In some aspects, the
support pylons may extend both forward and rearward from the airfoil sections,
allowing for the use support guy wires both in front of and rearward of the airfoil
sections. Cross supports 16 run from a junction between two airfoil sections of
one row to the junction between two airfoil sections of the row above and/or
below that row.

[0036] In some embodiments, significant cost savings and ease of construction
are achieved wherein most or all of the related structural pieces are identical or

nearly identical to each other, allowing for great savings in design and
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manufacturing costs. For example, each of the airfoil sections may be identical.
This allows for modularity in design in that systems of different sizes may be used
without redesign of the airfoil sections, and without the associated costs of
multiple manufacturing lines. As the airfoil sections may connect to different
components at their ends, such as wind turbine driven generators or support
pylons, different end fittings may be used as connections depending upon the
location in the frame structure. An airfoil section end fitting which connects
along the perimeter of the frame structure will have a different number of
connections than does an end fitting along the interior of the frame, for example.
Most or all of the cross supports may also be identical to each other. In addition
to the design cost savings and the manufacturing cost savings, the use of smaller,
modular pieces in the strutted frame structure allows for cost reductions in
shipping. For example, the major components, each of which may be repeatedly
used in the assembly of a frame structure, may be small enough such that they are
easily fit into standard cargo containers.

[0037] Each of the wind turbine driven generators may be identical. With the use
of many wind turbine driven generators, system reliability is enhanced in that the
failure of a single generator may not interfere with the power generation
capability of other generators. Thus, in the case of an airborne system, the loss of
functionality of a single wind turbine driven generator would not necessitate the
grounding of the system. The frame structure may be designed against the power

capability design needs such that varying amounts of redundancy are designed in,
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allowing for some wind turbine driven generators to fail and still have adequate
system capability.

[0038] The airborne power generation system 10 is adapted to fly in a stationary
position in winds aloft, or to engage in a cross-wind flying paradigm, or other
flying method. The airfoil sections are adapted to provide sufficient lift such that
the frame structure 11 is able to maintain itself aloft while generating power. The
support pylons and guy wires are adapted to enhance the strength and stiffness of
the frame structure. The frame structure, which consists of the cross supports and
airfoil sections, is essentially a single plane of structure in some embodiments,
wherein the leading edges of the airfoils are all in plane with each other.

[0039] In some embodiments of the present invention, as seen in Figures 2 and
2A, an airborne power generation system 30 utilizes a strutted frame structure 31
with wind turbine driven generators 14 arranged in multi-planar frame. The
strutted frame structure 31 is attached to a ground station 13 using a tether 12
which may be attached to a central pylon 38. The frame structure 31 has rows of
airfoil sections 32 which are used in the horizontal positions within the frame.
The airfoils sections may all be of the same construction. Wind turbine driven
generators 14 may be placed at most of the junctions of the airfoil sections 32. A
first plane of airfoil sections has the leading edges of the airfoils in the same
plane, as seen in Figure 2A. A second plane of airfoil sections has the leading
edges of the airfoil section at a plane behind and parallel to the first plane of
airfoil sections. Cross supports 33 run from a junction between two airfoil

sections of one row to the junction between two airfoil sections of the row above
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and/or below that row. The cross supports 33 are also run from the junction
between two airfoils in the first plane to the junction between two airfoils in the
second plane.

[0040] The use of a second plane of airfoils behind the first plane of airfoils
brings a variety of advantages. One advantage is the stability of the flight of the
two plane strutted frame structure. Another advantage is that the strength and
rigidity of the structure added by the second plane of airfoils and cross supports
may eliminate the need for support guy wires, which also allows more junctions
between airfoil sections in the front plane of airfoils to be available for power
generation turbines. Another advantage of the second plane of airfoils is the
added lift generated by the additional airfoil sections.

[0041] The strutted frame structure 31 of the multi-planar airborne power
generation system 30 may utilize the same modular airfoil segments 32 in both
the front plane and the back plane of the structure. In addition, the cross supports
33 which interlink the front plane airfoil segments may be identical to the cross
supports which interlink the rear plane airfoil segments, and be identical to the
cross supports which interlink the front plane and the rear plane segments. With
the repeated use of identical wind turbine driven generators in the front plane, and
the repeated use of identical airfoil segments in the front plane and the rear plane,
and the repeated use of identical cross supports throughout the structure, a
modularity of design is achieved which allows for customization of sizing of

individual systems as well as significant cost savings.



WO 2010/135604 PCT/US2010/035685

[0042] Figures 3, 4, and 5 illustrate an embodiment of the present invention
wherein a power generation system utilizes a large single plane strutted frame
structure 100 shown as may be seen when airborne and constrained by a tether
101. In this illustrative example, the middle row 130 is wider than the rows of
airfoils above and below 131, 132, 133, with each row successively shorter by the
span of one airfoil segment. Support pylons 124, 125 face forward and rearward
for use with front support guy wires 141 and rear support guy wires 140. The
support guy wires enhance strength and stiffness of the strutted frame structure.

[0043] As seen in Figure §, the horizontal sections 121 of the frame structure are
airfoil elements. The cross struts 120, 122 are utilized to form equilateral triangle
subsections of the frame structure in some embodiments. Wind turbine driven
generators 110 are placed at most of the junctions of the airfoils and cross struts,
although support pylons 123, 124 are used at some locations. The support guy
wires 127 may link at a guy wire junction 126 and be routed to and attached to
various locations depending upon the specific size and geometry of a particular
modular design.

[0044] In some embodiments of the present invention, when the flying is in
horizontal flight the leading edges of the different rows of airfoil segments may
be staggered. In some embodiments, the rows of airfoil segments may be used to
create a swept back wing shape.

[0045] In some embodiments, the wind turbine driven generators may utilize
blades which are pitch controllable. The blade pitch may be controlled with

mechanisms at the hub into which the blades are attached. The blade pitch
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control may allow the blade pitch to be adjusted to allow for better efficiencies
depending upon the apparent wind speed at the turbine, as well as limiting rotor
speed in high speed winds. The blade pitch control may also allow the drag of a
turbine to be altered to allow for attitude control of the strutted frame structure
using differential control of the drag of turbines throughout the structure.

[0046] Figures 6 and 7 illustrate the vertical take-off aspect of the power
generation system. In some embodiments, the frame structure 200 is adapted to
rest on the ground, or on a support structure, or float on water such that the front
of the airfoil sections 201 is facing skyward and the power generation turbines
203 are also facing skywards. In some embodiments, the electrical portion of the
system is adapted to receive power via the tether 204 from the ground station 205
and use that power the turbines as engines. The engines can thus raise the strutted
frame structure from the ground into the air. The control system may be adapted
to first raise the frame structure in a horizontal position and then the frame may be
moved to a vertical position, resulting in a tethered position and flying based upon
lift of the airfoils. The vertical take-off scenarios are used with single and multi-
plane systems. Unlike traditional VTOL systems for aircraft, the multiple rotors
(four as seen if Figures 6 and 7) allow for a 2 dimensional spacing of the rotors,
greatly enhancing the safety and controllability of the system during takeoff and
landing. With the rotors spaced in two-dimensions relative to the plane of the
ground, differentiation of thrust between the rotors allows for two-axis control of
the structure during take-off and landing. The wind turbine driven generators

may operate as motor driven propellers during this aspect. In some embodiments,
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electrical power to power the motors during take-off and landing travels via the
tether from the ground station. In some embodiments, the electrical power to
power the motors during take-off and landing may come from a battery storage
system on the structure itself.

[0047] In some embodiments of the present invention, attitude adjustments of the
frame structure may be achieved using differential control of the wind turbine
driven generators. For example, to increase the angle of attack of the airfoils
within the frame structure, the drag on the upper portion of the structure may be
increased, and the drag on the lower part of the structure may be decreased,
resulting in a “tilt”, or pitching up, of the frame structure. The changes in drag
may be due to changing the loading on the power generation turbines such that the
turbine rotational speed is lessened or raised. In addition, the attitude of the frame
in general may be controlled using this differential control of the various turbines,
which in turn allows for position control relative to wind direction, as well as
altitude control.

[0048] In the case of cross-wind flying paths, or other flying scenarios of the
structure, attitude control and position control are used to implement path control
of the flying structure. As mentioned above, pitch and yaw control of the
structure may be implemented by varying the amount of drag of individual wind
turbine driven generators. In some control scenarios, positive thrust may be used
at one or more generators (which then become thrusting motors).

[0049] In some embodiments, attitude and altitude control may utilize control

surfaces on the airfoils or otherwise mounted within the strutted frame structure.

12



WO 2010/135604 PCT/US2010/035685

In some embodiments, a full sensor system, or portions thereof, resides on the
frame structure. Sensors may include altitude sensors, attitude sensors,
accelerometers, wind speed sensors, global positioning system monitoring, and
other sensors. In some embodiments, the vehicle may include markers for
infrared sensing of the structure from the ground or other observation points. In
some embodiments, the structure may include on-board cameras to view the flight
path, or the horizon, as desired by the control system and/or the user.

[0050] In some embodiments of the present invention, the power delivered from
each generator will be joined in a system bus and then routed via electrical
conductors in the tether to the ground. The power from the airborne power
generation system may be routed to the ground using high voltage DC.

[0051] In some embodiments, the wind turbine driven generators may generate
AC in the range of 400-5000 volts. A motor controller is used to convert the AC
output to a DC output in the same range as the AC input, wherein the AC motor
voltage may be the same voltage as the DC output voltage of the motor controller,
which may be referred to as the motor voltage. The DC motor voltage is then
converted to a high DC voltage, which is then the voltage at which power may be
transferred to the ground via the tether. The high voltage DC may be referred to
as the tether voltage.

[0052] In some embodiments, each motor controller for each wind turbine driven
generators may have its own DC-DC converter. In some embodiments, the lower
voltage DC output from each motor controller may go to one or more motor

voltage busses, each of which then have one or more DC-DC converters which
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raise the voltage to the tether voltage. The use of multiple motor voltage busses,
each of which receives input from multiple generators, and each of which in turn
has utilizes multiple DC-DC converters to convert to the tether voltage, allows for
redundancy of the converters per motor voltage bus such that the failure of a
single DC-DC converter does not reduce the power transmission from that motor
voltage bus in most if not all operating conditions. Also, using this approach, the
failure of a single wind turbine driven generator, which may be one of many
feeding a motor voltage bus, does not also idle DC-DC conversion capacity. As
used herein, the term motor controller is used for the unit which controls the
motor when the unit is used as a motor, and also controls the unit when used as a
generator.

[0053] In some embodiments, the strutted frame structure is adapted for take-off
from the ground using powered flight. The power may come from the ground
station and be routed through the tether to the wind turbine driven generators,
which then operate as motor driven propellers. Thus, the electrical power
delivery components used for airborne power generation may be adapted to
transmit power in both directions. The DC-DC converters may be Dual Active
Bridge (DAB) DC-DC converters. The DAB converter may use an SiC JFET
cascade switch, which may give an advantage to the system in the form of size
and mass savings. In some embodiments, the electrical system may use a single
larger DC-DC converter to convert a single motor voltage bus to the higher tether

voltage.
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[0054] In some embodiments, there may be an electrical control system adapted
to balance the loading on the DC-DC converters, in the case of multiple DC-DC
converters. The electrical control system may also control the motor controllers
for each individual wind turbine driven generator, allowing for control of overall
power production, for attitude control of the flying frame, and for other reasons.

[0055] The tether used to attach the airborne system to the ground will be used to
transmit power as well as being a structural attachment. The tether may be wound
around a drum on the ground that is used to reel in and out the tether as well as
store the unused portion of the tether. In some embodiments, the main drum
which is used to mechanically reel the tether in and out may have a limited
number of revolutions of the tether on it, with the remainder of the tether trailing
off of this main drum onto a storage drum. This may allow a rotation of the main
drum to result in a more uniform amount of tether to be reeled regardless of the
altitude of the flying system.

[0056] In some embodiments, as seen in Figure 8, a tether 200 is adapted for both
structural attachment and electrical conduction. An outer layer 201 may be a
polymer layer, such as Hytrel. The outer layer 201 may be .75mm thick. An
inner layer 202 may be adapted to carry the tensile load. The inner layer 202 may
be of Kevlar and may be 2.3mm thick. An inner core 203 may be of silicone with
a mylar sheath and may be .Imm thick. The conductors 204, 205 may use 1.4mm
diameter copper surrounded by an insulator. In other embodiments, more

conductors may be used.
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[0057] In another higher load embodiment, as seen in Figure 9, a tether 210 may
use a coaxial geometry. The outer layer 211 may be of aluminum and be 2.7mm
thick. The use of aluminum as the outer conductor, on the outside of the tether,
allows for convective cooling of one of the conducting portions of the tether.
Further, the use of the outer portion of the tether as a conductor allows for the
wound portions of the tether on the drum to create a common conductor, which
can allow for current to be put in or taken out via the drum, thus not requiring
current to flow in the captured, wound portions of the tether which may otherwise
overheat. The inner layer 212 may be adapted to carry the tensile load and may
be Kevlar of 56.1mm thickness. An insulator core 213 may used inside the inner
layer 212. A central conductor 214 may be of aluminum and be 19mm in
diameter.

[0058] In some embodiments, as seen in Figure 10, a tether assembly wherein a
tether sheath has been placed over a tether may significantly reduce the drag of a
tether. For example, using a 0.4 inch diameter tether as an illustrative example,
the tether may have a certain drag while experiencing apparent winds. Using as
an example a wind direction perpendicular to the tether length axis, a 0.4 inch
cylindrical tether may have a drag force in a 35 mph wind of 0.15 pounds per
linear foot of tether. At 65 mph, this drag may increase to 0.46 pounds per linear
foot. Using a tether sheath with a 0.7 inch maximum thickness, a chord length of
2.85 inches, and with the tether centered at the 20% chord length position, the

sheathed tether drag may be 0.034 pounds per linear foot at 35 mph, and 0.062
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pounds per linear foot at 65 mph. The drag reduction may be in the range of 80-
90%.

[0059] Another distinct advantage of the tether sheath is that in some
embodiments, the tether sheath may be manufactured in relatively short lengths,
and then have the longer tether inserted through it. For example, a tether may be
1000 meters long. There may be advantages to manufacturing the tether, with its
structural aspect for tensile loading, and with its electrical conduction aspect,
separately from the aerodynamic tether sheath. The tether sheath could thus be
manufactured in shorter lengths, in the range of 3-15 meters, and be inserted over
the tether after the prior manufacture of both the tether and the sheath.

[0060] Tethers and tether sheaths according to embodiments of this invention
may be advantageous not only for reduced drag but also for their dynamic effects.
For example, a tether sheath may allow for rotation around the tether in a manner
which enhances the dynamic stability performance of the system.

[0061] In a representative example of a single plane strutted frame structure used
in an airborne power generation system according to some embodiments, a
320kW system may use 16 wind turbine driven generators. The frame structure
uses five rows of airfoil segments, with the middle row 8 segments wide, the next
two (upper and lower) with 7 segments, and the top and bottom row having 6
airfoil segments each. The system is designed around the nominal conditions of
12 meters/second of wind speed at 1000 meters. The system would use a cross-

wind flying method resulting in a resultant wind speed of 49.2 meters/second.
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[0062] A total of 44 airfoil segments would be used, each with a span of 2 meters
and a chord length of 0.8 meters. 84 cross struts would be used, with a length of
1.2 meters and a chord length of .4 meters. The cross struts would use a
symmetric airfoil shape to reduce drag.

[0063] Each of the wind turbine driven generators would be adapted to provide
20kW while rotating at 3000 rpm using two 0.8 meter radius blades. The power
generation turbine would weigh 8kg. The strutted frame structure with its
turbines would weigh 964 kg, and the tether weight would be 1480 kg, for a total
airborne mass of 2444 kg.

[0064] In a representative example of a two plane strutted frame structure used in
an airborne power generation system according to some embodiments, a I00MW
system may use 220 wind turbine driven generators. The frame structure uses 13
rows of airfoil segments in its front plane of airfoils, with the middle row 20
segments wide, the next two (upper and lower) with 19 segments, with one less
segment per row as distance from the middle row is increased, and with the top
and bottom row having 14 airfoil segments each. The frame structure uses 11
rows of airfoil segments in its rear plane of airfoils, with the middle row 19
segments wide, and one less airfoil segment per row in the upper and lower
directions, with the top and bottom rows having 14 airfoil segments each.

[0065] The system is designed around the nominal conditions of 16
meters/second of wind speed at 6600 meters. The system would use a cross-wind

flying method resulting in a resultant wind speed of 66.2 meters/second.
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[0066] A total of 390 airfoil segments would be used, each with a span of 12
meters and a chord length of 2.2 meters. 1100 cross struts would be used, with a
length of 12 meters and a chord length of 1.1 meters. The cross struts would use a
symmetric airfoil shape to reduce drag. With the cross struts the same length as
the airfoil segments, the cross struts would run from each end of an airfoil
segment on one row to the junction between two airfoil segments of the row
above or below, forming an equilateral triangle. In addition, the same cross struts
would be used to connect the front plane of the frame structure to the rear plane of
the frame structure, resulting in the rear plane rows being slightly above the front
plane rows, traversing through the centroid to the equilateral triangle of the front
row when viewed in a front perspective.

[0067] Each of the wind turbine driven generators would be adapted to provide
450kW while rotating at 420 rpm using two 5.5 meter radius blades. The power
generation turbine would weigh 188kg. Wind turbine driven generators would be
mounted into the front row of airfoils only. The strutted frame structure with its
turbines would weigh 99,893 kg, and the total weight of the system including
tether weight would be 375,408 kg. The tether length would be 10,158 meters,
with a tether diameter of 13.62 cm.

[0068] In some embodiments of the present invention, as seen in Figure 11, an
airborne power generation system 900 may have two rows of airfoils 901, 902.
The system may be adapted to use a tether 903 with a nominal length of 1000m.
The system may utilize 12 turbine driven generators 904 which are mounted along

the two rows of airfoils. The turbines (propellers) may have a diameter of 2.4m.
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The nominal total power rating of such a system may be IMW. The system may
be adapted for flying at 74 meters/second in an 8.5 meters/second ambient wind
using a cross wind flight path such as a circular flight path.

[0069] The horizontal sections of the frame structure are airfoil elements. Power
generation turbines are placed at most of the junctions of the airfoils and cross
struts. In some embodiments, the power generation turbines may utilize blades
which are pitch controllable. The blade pitch may be controlled with mechanisms
at the hub into which the blades are attached. The blade pitch control may allow
the blade pitch to be adjusted to allow for better efficiencies depending upon the
apparent wind speed at the turbine, as well as limiting rotor speed in high speed
winds. The blade pitch control may also allow the drag of a turbine to be altered
to allow for attitude control of the strutted frame structure using differential
control of the drag of turbines throughout the structure.

[0070] In some embodiments of the present invention, as seen in Figure 16, a
flying frame structure 1300 adapted for airborne power generation may use a
single airfoil 1301. The system may use turbine driven generators 1302 above the
airfoil 1301 and also generators 1303 which are below the airfoil. The spacing
both above and below the airfoil enhances the control of the structure by spacing
the thrust/drag elements across two dimensions.

[0071] Figure 12A illustrates a front end view of an airborne system in a
relatively stationary airborne mode. Figure 12B illustrates a side view of an

airborne system in a relatively stationary airborne mode.
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[0072] In some embodiments, the airborne power generation system may be
flown in an alternate flight paradigm. Cross-wind flying paradigms allow for a
higher flight speed, and a higher air flow speed into the power generating
turbines. A cross-wind flying paradigm may take on a variety of shapes, such as a
figure 8, or may be substantially circular. Figures 13A and 13B illustrate a front
end and side view, respectively, of a circular flying paradigm. Using the power
generation system of Figure 11 as an example, on a 1000m tether and with an 8.5
meter/second ambient wind 1010, the airborne power generation structure flies in
a substantially circular flight path 1011. In such a flight path, the airborne power
generation structure may achieve a nominal average flight speed of 74
meter/second of composite apparent wind speed, which is substantially higher
than the ambient wind speed. The composite apparent wind speed is the resultant
through the turbine from the cross-wind flying speed and the ambient wind speed.

[0073] The high speeds which may be achieved during the cross-wind flight paths
may be realized using vehicle pitch control which is controlled in part, or in
whole, by the use of a front canard. As seen in Figure 14, an airborne power
generation vehicle 1200 includes a front canard 1203 which may be mounted
forward of the main part of the vehicle on a canard boom 1204. A top airfoil
1201 and a bottom airfoil 1202 may each have four generators 1207 driven by
turbines 1206. In a powered flight scenario, the turbine driven generators may be
operated as motor driven propellers. In some embodiments, there may be a bank

of electronics 1208.
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[0074] In airborne flight scenarios, the airborne power generation vehicle 1200
may be tethered to a ground stations with a tether 1205. The tether 1205 may be
a combination of a structural attachment and an electrical conduit. The front
canard 1203 on the canard boom 1204 may be adjusted in pitch using a canard
controlling mechanism 1203.

[0075] Figure 15 illustrates a distinct advantage of an airborne power generation
vehicle 1200 with a front canard 1203 with regard to vertical take-off and landing.
The airborne power generation vehicle 1200 may be adapted to engage in vertical
take-off and landing. The bottom of the vehicle 1200 (which is the rear in regular
flight) while on the ground 1221 may reside upon struts 1220. The front canard
1203 and the canard boom 1204 are extended upwards in the take-off position.
The front canard configuration blends well with the vertical take-off and landing
aspects of the vehicle.

[0076] In some embodiments, the entire front canard 1203 is adapted to pivot
around an axis parallel to the leading edge of the front canard. The canard
controlling mechanism 1203 may pivot the front canard 1203 which in turn will
cause a pitch change of the vehicle 1200. Figures 9A and 9B illustrate a front
view and a top view, respectively, of the airborne power generation vehicle 1200
flown with a front canard 1203.

[0077] In flight, the vehicle 1200 may be controlled in pitch using the front
canard, or using the front canard in conjunction with other methods described

herein.

[0078] The present invention has been particularly shown and described with
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respect to certain preferred embodiments and specific features thereof. However,
it should be noted that the above-described embodiments are intended to describe
the principles of the invention, not limit its scope. Therefore, as is readily
apparent to those of ordinary skill in the art, various changes and modifications in
form and detail may be made without departing from the spirit and scope of the
invention as set forth in the appended claims. Other embodiments and variations
to the depicted embodiments will be apparent to those skilled in the art and may
be made without departing from the spirit and scope of the invention as defined in
the following claims. Also, reference in the claims to an element in the singular is
not intended to mean “one and only one” unless explicitly stated, but rather, “one
or more”. Furthermore, the embodiments illustratively disclosed herein can be

practiced without any element which is not specifically disclosed herein.
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What is claimed is:

1. A method for the generation of electrical power, said method comprising the steps of:
flying a structure in air currents, wherein said structure comprises a plurality of
turbine driven electrical generators, and wherein said structure comprises one or more
airfoils, and wherein said structure is tethered to the ground with a tether;
generating electrical power onboard said structure; and

transmitting the generated electrical power down the tether to the ground.

2. The method of claim 1 wherein the step of flying a structure comprises flying the

structure in a cross wind flight profile.

3. The method of claim 1 further comprising the step of converting the generated

electrical power to a high voltage prior to the step of transmitting the generated power

down the tether to the ground.

4. The method of claim 1 further comprising the step of controlling the attitude of said

structure.

5. The method of claim 2 further comprising the step of controlling the attitude of said

structure.
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6. The method of claim 4 wherein said step of controlling the attitude of said structure
comprises controlling the angle of attack of said one or more airfoils by differentially

controlling the drag of said plurality of turbine driven electrical generators.

7. The method of claim 5 wherein said step of controlling the attitude of said structure
comprises controlling the angle of attack of said one or more airfoils by differentially

controlling the drag of said plurality of turbine driven electrical generators.

8. The method of claim 4 wherein said step of controlling the attitude of said structure
comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.

9. The method of claim 5 wherein said step of controlling the attitude of said structure
comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.

10. The method of claim 8 wherein said step of controlling the attitude of said structure
comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.

11. The method of claim 9 wherein said step of controlling the attitude of said structure

comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.
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12. The method of claim 1 further comprising the step of controlling the flight path of

said structure.

13. The method of claim 2 further comprising the step of controlling the flight path of

said structure.

14. The method of claim 12 wherein said step of controlling the flight path of said
structure comprises controlling the flight path of said structure by differentially

controlling the drag of said plurality of turbine driven electrical generators.

15. The method of claim 13 wherein said step of flight path of said structure comprises
flight path of said structure of said one or more airfoils by differentially controlling the

drag of said plurality of turbine driven electrical generators.

16. The method of claim 12 wherein said step of controlling the flight path of said
structure comprises controlling the yaw of said one or more airfoils by differentially

controlling the drag of said plurality of turbine driven electrical generators.

17. The method of claim 13 wherein said step of controlling the flight path of said

structure comprises controlling the yaw of said one or more airfoils by differentially

controlling the drag of said plurality of turbine driven electrical generators.

26



WO 2010/135604 PCT/US2010/035685

18. The method of claim 16 wherein said step of controlling the attitude of said structure
comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.

19. The method of claim 17 wherein said step of controlling the attitude of said structure
comprises controlling the yaw of said one or more airfoils by differentially controlling

the drag of said plurality of turbine driven electrical generators.

20. A system configured to capture wind energy, the system comprising:

a flying structure configured to be flown in air currents enabling the capture of
wind energy;

a tether system that anchors the aircraft when it is airborne;

a power system that enables the capture and transmission of electrical energy
generated by the flying structure; and

a control system enabling control of the flying structure,

wherein said flying structure comprises:

a plurality of airfoil sections arranged such that the airfoil sections
are separated by a frame structure and are adapted to fly over each other when in
horizontal flight, wherein each of said airfoil sections comprises a plurality of airfoil
segments, said airfoil segments separated by junctions; and

a plurality of cross struts running between airfoil segments on one

airfoil section and airfoil segments on higher or lower airfoil section.
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21. The system of claim 20 further comprising a plurality of turbine driven generators

mounted along said airfoil segments.

22. The system of claim 21 wherein said plurality of turbine driven generators are

mounted at junctions between said airfoil segments.

23. The system of claim 20 wherein said plurality of airfoil sections comprises a first

airfoil section comprising a plurality of identical first airfoil segments.

24. The system of claim 21 wherein said plurality of airfoil sections comprises a first

airfoil section comprising a plurality of identical first airfoil segments.

25. The system of claim 23 wherein said plurality of airfoil section further comprises a

second airfoil section comprising a plurality of identical first airfoil segments.

26. The system of claim 24 wherein said plurality of airfoil section further comprises a

second airfoil section comprising a plurality of identical first airfoil segments.

27. The system of claim 21 wherein said plurality of turbine driven generators comprises

a first plurality of identical turbine driven generators.

28. The system of claim 24 wherein said plurality of turbine driven generators comprises
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a first plurality of identical first turbine driven generators.

29. The system of claim 26 wherein said plurality of turbine driven generators comprises

a first plurality of identical first turbine driven generators.

30. The system of claim 20 said plurality of cross struts comprises a first plurality of

identical first cross struts.

31. The system of claim 21 said plurality of cross struts comprises a first plurality of

identical first cross struts.

32. The system of claim 23 said plurality of cross struts comprises a first plurality of

identical first cross struts.

33. The system of claim 24 said plurality of cross struts comprises a first plurality of

identical first cross struts.

34. The system of claim 25 said plurality of cross struts comprises a first plurality of

identical first cross struts.

35. The system of claim 26 said plurality of cross struts comprises a first plurality of

identical first cross struts.
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36. The system of claim 27 said plurality of cross struts comprises a first plurality of

identical first cross struts.

37. A system configured to capture wind energy, the system comprising:

a flying structure configured to be flown in air currents enabling the capture of
wind energy;

a tether system that anchors the aircraft when it is airborne;

a power system that enables the capture and transmission of electrical energy
generated by the flying structure; and

a control system enabling control of the flying structure,

wherein said flying structure comprises:
an airfoil section; aid airfoil section comprising a plurality of

airfoil segments, said airfoil segments separated by junctions.

38. The system of claim 37 further comprising a plurality of turbine driven generators

mounted along said airfoil segments.

39. The system of claim 38 wherein said plurality of turbine driven generators are

mounted at junctions between said airfoil segments.

40. A method of enabling a flying structure that supports wind-powered electrical

generators to take off from a surface, the method comprising the steps of:

providing a tethered flying structure that mounts a plurality of wind turbines,
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wherein said structure comprises two or more airfoil sections arranged such that the
airfoil sections are separated by a frame structure and are adapted to fly over each other
when in horizontal flight, and wherein each of said two airfoil sections comprises two or
more wind-powered electrical generators along said airfoil sections;

positioning the structure on a surface such that such that the airfoils are oriented
with their leading edges pointing upward and the blades of the turbines oriented to
provide upward lift generally perpendicular to the surface; and

providing power to the turbines sufficient to cause the turbine blades to rotate and

generate lift causing the structure to rise from the surface.

41. The method of claim 40 further comprising the steps of:

monitoring the attitude of the flying structure while causing the structure to rise
from the surface; and

controlling the attitude of the flying structure while the structure rises from the

surface.

42. The method of claim 41 wherein the step of controlling the attitude of the flying

structure while the structure rises from the surface comprises varying the lift of the

different turbines.

43. The method of claim 42 further comprising the step of raising the flying structure to

a desired altitude using the lift generated by the turbines.
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44. The method of claim 43 further comprising the step of rotating the flying structure
such that the airfoils go from a predominantly vertical position to a predominantly

horizontal position.

45. The method of claim 44 wherein the step of rotating the flying structure is achieved

at least in part by varying the lift of the different turbines.

46. The method of claim 45 further comprising the step of transitioning from powered

flight using the turbines to airfoil based flight using the airfoils.

47. The method of claim 46 wherein said airfoil based flight is tethered flight of the
structure wherein a first end of the tether is attached to the structure and a second end of

the tether is attached to the ground.

48. The method of claim 47 further comprising the step of generating electrical power

using said wind turbines after achieving said tethered flight.

49. The method of claim 40 wherein the turbines are powered with electrical energy

supplied from a ground station to the structure via the tether.

50. A flying structure arranged to support wind-powered electrical generators suitable

for harvesting wind energy and converting it to electricity, the platform comprising:

a plurality of airfoil sections arranged such that the airfoil sections are separated

32



WO 2010/135604 PCT/US2010/035685

by a frame structure and are adapted to fly over each other when in horizontal flight,
wherein each of said airfoil sections comprises two or more wind-powered electrical
generators along said airfoil sections;

sensors adapted to sense the attitude of the flying structure;

a power source adapted to power the wind powered electrical generators to allow
them to act as lift sources; and

a control system adapted to allow for the controlled raising of the flying structure
when the flying structure is positioned on a surface such that such that the airfoils are
oriented with their leading edges pointing upward and the blades of the turbines oriented

to provide upward lift generally perpendicular to the surface.

51. The flying structure of claim 50 further comprising a tether, said tether attached to a

ground station on a first end and attached to the flying structure on a second end.

52. The flying structure of claim 51 wherein said tether is adapted to transfer electrical

power from said flying structure to said ground station.

53. The flying structure of claim 52 wherein said tether is adapted to transfer electrical

power from said ground station to said flying structure.

54. A method of enabling a flying structure that supports wind-powered electrical

generators to take off from a surface, the method comprising the steps of:

providing a tethered flying structure that mounts a plurality of wind turbines,
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wherein said structure comprises an airfoil section with a top side and a bottom side when
viewed during horizontal flight, and wherein said structure comprises two or more wind-
powered electrical generators along each of said top side and said bottom side of said
airfoil section;

positioning the structure on a surface such that such that the airfoil is oriented
with its leading edge pointing upward and the blades of the turbines oriented to provide
upward lift generally perpendicular to the surface; and

providing power to the turbines sufficient to cause the turbine blades to rotate and

generate lift causing the structure to rise from the surface.

55. The method of claim 54 further comprising the steps of:

monitoring the attitude of the flying structure while causing the structure to rise
from the surface; and

controlling the attitude of the flying structure while the structure rises from the

surface.

56. The method of claim 55 wherein the step of controlling the attitude of the flying
structure while the structure rises from the surface comprises varying the lift of the

different turbines.

57. The method of claim 56 further comprising the step of rotating the flying structure

such that the airfoils go from a predominantly vertical position to a predominantly

horizontal position.
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58. The method of claim 57 wherein the step of rotating the flying structure is achieved

at least in part by varying the lift of the different turbines.

59. The method of claim 58 further comprising the step of transitioning from powered

flight using the turbines to airfoil based flight using the airfoils.

60. The method of claim 59 wherein said airfoil based flight is tethered flight of the
structure wherein a first end of the tether is attached to the structure and a second end of

the tether is attached to the ground.

61. The method of claim 60 further comprising the step of generating electrical power

using said wind turbines after achieving said tethered flight.

62. A system configured to capture wind energy, the system comprising:

a flying structure configured to be positioned in air currents enabling the capture
of wind energy;

a tether system that anchors the structure to a ground unit when it is airborne, said
tether adapted for electrical power transmission;

a power system that enables the capture and transmission of electrical energy
generated by the flying structure; and

a control system enabling control of the flying structure,

wherein said flying structure comprises:
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one or more airfoil sections

a plurality of wind turbine driven generators mounted along said
one or more airfoil sections, wherein each of said wind turbine driven generators
has a motor controller adapted to convert the AC voltage output of the wind
turbine driven generators to a DC voltage in a range similar to the AC voltage

output.

63. The system of claim 62 further comprising a low voltage bus, wherein the AC
voltage output of each of said motor controllers is electrically connected to said low

voltage bus.

64. The system of claim 63 further comprising a plurality of DC-DC converters, said
DC-DC converters electrically connected to said low voltage bus on a first side and
electrically connected to a high voltage bus on a second side, said DC-DC converters
adapted to convert the voltage of the low voltage bus to the voltage of the high voltage

bus.

65. The system of claim 64 wherein said low voltage bus is in the range of 400V to

1000V and said high voltage bus is in the range of 4000V to 10000V.

66. The system of claim 64 wherein said low voltage bus is in the range of 1000V to

10000V and said high voltage bus is in the range of 50000V to 120000V.
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67. The system of claim 64 wherein said high voltage bus is electrically connected to
conductors within the tether and adapted for power transmission from the generators to

the ground unit.

68. The system of claim 67 wherein said high voltage bus is electrically connected to
conductors within the tether and adapted for power transmission from the ground unit to

the generators.

69. The system of claim 68 wherein said plurality of wind turbine driven generators

comprises a first plurality of identical first wind turbine driven generators.

70. The system of claim 68 wherein said plurality of DC-DC converters comprises a first

plurality of identical first DC-DC converters.

71. The system of claim 69 wherein said plurality of DC-DC converters comprises a first

plurality of identical first DC-DC converters.

72. The system of claim 63 further comprising a plurality of DC-DC converters, wherein
each motor controller has a DC-DC converter electrically connected to a motor controller
on a first side and electrically connected to a high voltage bus on a second side, said DC-

DC converters adapted to convert the output voltage of the motor controller to the voltage

of the high voltage bus.
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73. The system of claim 72 wherein said high voltage bus is electrically connected to
conductors within the tether and adapted for power transmission from the wind turbine

driven generators to the ground unit.
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